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CHAPTER I 
INTRODUCTION 
The group III nitride semiconductors, most notably AlN; GaN, InN, and their 
alloys, have experienced an unprecedented amount of attention in the semiconductor 
world over the past half decade, .due. mostly to th~ realization of high brightness 
. . 
UV, blue, and green light emitting diodes (LEDs) and UV-blue cw laser diodes 
(LDs) based on the ternary alloy InGaN, Although most of the fundamental optical 
properties of the gro~p III nitrides were known as early as the 1960s (in fact, metal-
insulator-semiconductor (MIS) type structures were demonstrated to emit strong 
and reliable UV-blue emission and were briefly comme~cialized in the early 1970s [1], 
[2]), it took the development of p-type doping by Akasaki and Amano in 1989 [3] 
and the development of suitable epitaxial techniques, such as molecular beam epitaxy 
(MBE) and metalorganic chemical vapor deposition (MOCVD), for p-n junction light 
emitting devices to emerge. These advances made it possible for Shuji Nakamura and 
co-workers at Nichia Chemical (Japan) to develop and commercialize UV, blue, green, 
yellC>W; and white LEDs based on the ternary alloy InGaN starting .in early 1994. 
• • ' • • > •• ' • ' 
Room temperature continuous wave (cw) ?peration of.near-UV and blue LDs have 
. . 
also been demonstrated by Nichia with lifetimes in excess of 13,000 hours [4], with 
predictions of comm.erGializationin 1999 .. With the above said, some background 
on the economit impact and potential uses of the group III nitrides that drive this 
research will now be given. 
In 1996, the total world market for materials and devices based on the group 
III nitrides amounted to an estimated US$227.4 million, and is forecast to exceed 
US$9991.4 million by the year 2001. The principle applications are in full color 
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information displays and indicators, where GaN-based LEDs are expected to revolu-
tionize medium-to-large area (> 100 inches diagonal) information displays and traffic 
signs by completing the tricolor red-green-blue (RGB) spectrum. These markets had 
a value of US$854 million in 1996 and are expected to reach US$1717.6 million by 
2001. In addition, the allure of increased data storage has provided a strong eco-
nomic pull for solid-state semiconductor LDs based on this material system. We 
note that the minimum spot size a laser beam can be focused to ( and hence, the 
maximum possible resolution one can achieve with) is limited by the wavelength of 
the laser emission. Reducing the laser wavelength by a factor of two leads to a four-
fold increase in potential data storage capacity. Therefore, by replacing conventional 
GaAs-based LDs ( emitting in the near infrared, ~ 780 nm) with GaN-based blue 
LDs, the storage capacity of CD-ROM technology can be quadrupled from around 
650 Mbyte to around 2600 Mbyte per disc. This increase in storage capacity would 
make it possible to fit a feature length film (approximately 90 to 120 minutes long) 
on a conventional CD-ROM. This increase would, of course, apply to DVD technol-
ogy also, further extending data storage capacity. Other applications for blue LDs 
include: use in laser printers, where the smaller spot size makes higher resolution 
printing and graphics output possible; underwater optical communications, where the 
blue-green optical transmission window of water can be exploited; satellite to satel-
lite optical communication, where the use of UV lasers would exploit the absorption 
of UV radiation by the Earth's atmosphere to make eavesdropping from Earth im-
possible; applications in the medical field, where rugged and compact UV-bluelasers 
will find a myriad of uses, both known and presently unrealized. The market for 
blue semiconductor lasers is estimated to exceed US$200 million by 2001 [5). Other 
applications of interest for GaN-based light emitting devices include replacement of 
white-light-emitting filament lamps with white LEDs, leading to a 10-fold increase 
in efficiency and a three orders of magnitude increase in lifetime (from ~ 103 hours 
to ~ 106 hours) [6]. 
The uses of the group III nitrides in non-light emitting applications are also 
attracting a considerable amount of attention. Due to their large direct band gaps, 
3 
GaN and its alloy with AlN (AlGaN) are promising materials for the development of 
solar-blind detectors capable of efficiently detecting UV radiation (such as is emit-
ted by missiles and jet engines) without a background from solar radiation (the 
Earth's atmosphere efficiently absorbs radiation below 290 nm). The high thermal 
and chemical stability, high breakdown fields, good thermal conductivity ( compared 
to other III-V compounds and silicon), and large direct band gaps of the group III 
nitrides are also promising for use in high temperature and power electrnnics as well 
as microwave electronics [7). 
This monograph will focus on the properties of the group III nitrides related to 
their light emitting device applications and their potential for use in optical switch-
ing applications. Chapter 2 starts with a general introduction to the band structure 
of semiconductors and the concept of excitons. It then goes on to describe excitonic 
interactions with other quasi-particles, including those that can result in optical gain. 
It concludes with a general description of electron-hole plasma (EHP) formation in 
semiconductors and how optical gain develops fromit. Chapter 2 gives emphasis to 
absorption and recombination processes in semiconductors pertinent to the contents 
of this monograph. Chapter 3 gives a general introduction to the structural and 
optical properties (in the low excitation regime) of the group III nitrides that are 
pertinent to the following chapters. Chapter 4 starts with the emission properties 
of highly excited GaN thin films, providing insight into the recombination and gain 
processes present in GaN and how they evolve and change with increasing tempera-
ture. This section also Covers the original work performed on the high temperature 
(up to 700 K) stimulated emission (SE) properties of GaN. It goes on to describe 
how optically pumped lasing and "single-mode" laser emission from GaN thin films 
was achieved. It concludes with the optical properties of highly excited AlGaN and 
InGaN thin films, concentrating on the similarities and differences in their emission 
properties compared to their base material, GaN. Chapter 5 takes over and describes 
how the absorption properties of GaN thin films evolve with increasing optical ex-
citation, providing complimentary insight to the emission processes studied in the 
preceding chapter. It includes evidence of the suitability of GaN for use in optical 
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switching applications. It concludes with the absorption properties of highly excited 
InGaN films and how they differ from those of GaN. Chapter 6 is the largest of this 
monograph and is devoted to the optical properties of highly excited InGaN/GaN 
multiple quantum well laser structures, including the observation of SE and optical 
gain. Its prominence in the contents of this monograph gives evidence of the im-
portance of these· structures in current state-of-the-art blue laser diode technology. 
Chapter 6 includes the characterization of SE as a function of temperature and the 
observation of high temperature (575 K) SE. It emphasizes how the emission from 
these structures differs from that of GaN. This chapter also includes the results of 
nontraditional and innovative studies related to the highly excited optical proper-
ties of these structures, including "energy selective" SE studies; excitation length 
dependent SE studies, and nondegenerate optical pump-probe studies of their band 
tail states. The results of these studies indicate the emission mechanisms in these 
materials differ greatly from those of conventional cl.irect gap semiconductors. The 
two appendices are devoted to: (A) the mechanical polishing procedure used to pro-
duce repeatable high quality laser cavity facets. forthe group III nitrides, and (B) 
the experimental determination of the index of refraction dispersion curves for the 
GaN thin films used in this work. 
In the following chapters, the data will be presented in one of two conven-
tions for defining the "color" of the photons: (1) the "color'' of the photons will be 
expressed in terms of their photon energy, given in eV, or (2) their "color" will be 
expressed in terms of the photon's wavelength~ given in nm, The convention adopted 
for a given experiment was chosen to make the interpretation of the experimental 
results more intuitive and/ orto satisfy the convention typically used to present data 
for the particular experiment. One can move between the two conventions using the 
simple relation: 
which takes the usable form: 
he 
E='hw=-
A 
[photon energy in (eV)J · [photon wavelength in (nm)]= 1239.51 (nm· eV) 
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In the near UV wavelength region of band edge emission and absorption from GaN, 
1 nm corresponds to approximately 10 meV. 
Pulsed optical excitation with pulse durations on the order of nanoseconds will 
predominantly be used for the studies presented in this monograph, as the short 
time scales at which the optical phenomena of interest occur ( on the order of tens of 
picoseconds or less) make it possible to study quasi-steady state phenomena during 
the pulse duration and still achieve the high excitation conditions necessary for these 
studies. These conditions make predictions about continuous-wave (cw) operation 
and phenomena more direct. 
CHAPTER II 
GENERAL OPTICAL PROPERTIES OF 
HIGHLY EXCITED SEMICONDUCTORS 
This chapter is devoted to the. optical properties associated with highly excited 
semiconductors (HES). For clarity, only the optical properties related to direct gap 
semiconductors., particularly the phenomena exhibited by and relating to highly ex-
cited group III nitrides, will be discussed. As an introduction to the general behavior 
exhibited by HES, we will follow the lead of Klingshirn and Haug [8) and examine 
the low temperat1rre emission spectra of CdS exposed to a wide range of optical exci-
tation intensities. This is shown in Fig. 1 [9]. Spectrum "a" was taken under steady 
state band-to-band optical excitation by a high pressure Hg lamp with an excitation 
density (Iexc) of approximately 2 mW/ cm2 • The two narrow peaks observed at 2.537 
and 2.546 eV, designated as Ii and I2 , respectively, are attributed to .the recombina-
tion of excitons (bound electron-hole states) bound to neutral acceptors and donors. 
The weak emission at ~ 2.553 eV is attributed to free exciton recombination. No 
significant changes were observed with varying Iexc until Iexc exceeded rv 10 kW/cm2• 
Beyond this excitation density a new emission band was observed on the low energy 
side of· I2 • As · Iexc was increased· further, this new emission band broadened and 
shifted to longer wavelengths. Its intensity was observed to grow superlinearly with 
increasing Iexc· Depending on the experimental conditions and the particular sample, 
other emission lines were observed to appear and disappear withincreasing Iexc· T4e 
features shown in Fig. 1 for CdS are general to all highly excited semiconductors in 
that new emission bands tend to appear in a particular semiconductor as Iexc is in-
creased to sufficiently high values. Typically, the. emission under investigation occurs 
in the band edge region of the semiconductor, suggesting the new emission bands are 
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due to interaction processes of excitons and/ or free carriers with themselves or other 
quasiparticles. This leads to the basic "definition" of highly excited semiconductors 
as it will be used in this monograph: A HES is one in which the density of electronic 
excitations has been increased (i.e. by optical pumping) to sufficiently high values 
that the interaction processes between the quasiparticles in the semiconductor that 
can be neglected at low densities become effective ( to varying degrees) and give rise 
to new radiative ( or nonradiative) recombination processes. Some basic theoretical 
background pertaining to the properties of HES follows in this chapter. Emphasis is 
given to the properties exhibited by the group III nitrides. 
Band Structure of Semiconductors 
In this section the concept of energy bands in semiconductors is briefly intro-
duced. For this purpose, we will consider a crystal constructed from atoms that are 
infinitely far apart from each other and see how their discrete atomic energy levels 
are changed as we move the atoms closer and closer together. When the atoms are 
far from each other the electrons are tightly bound to each atom. As we move them 
closer together, exchange of electrons between atoms becomes more and more proba-
ble. Consider the simplest case of two atoms, A and B. As the two atoms come closer 
together, their wavefunctions, WA and W B, will eventually overlap. To satisfy Pauli's 
exclusion principle, the states of all spin-paired electrons acquire energies which are 
slightly different from their values in the isolated atom. The behavior of the com-
pound AB is then described by the linear combinations of WA± WB . . The sum of the 
wavefunctions yields the bonding state of the compound and the difference of the 
wavefunctions represents the antibonding state in which the atoms repel each other. 
If we then extend our considerations to the case of an N atom system where the N 
atoms are packed within a range of interaction, 2N electrons of the same orbital can 
occupy 2N different states, forming a band of states rather than the discrete level 
exhibited by the isolated atom. The energy distribution of these states is strongly 
dependent on the interatomic distance of the atoms, as illustrated in Fig. 2 for the 
specific case of carbon atoms. As the carbon atoms are brought closer together, the 
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lowest energy .states eventually are depressed to a minimum value and the diamond 
crystal is formed. In the process, some of the higher energy states (2P) merge with 
the band of 28 states. Because of this mixture of states, the lower energy band con-
tains as many states as electrons. This energy band is called the valence band and 
is characterized by the fact that it is completely filled with electrons. As such, it is 
unable to carry a current. The higher energy band is called the conduction band and 
is characterized by the fact that it is completely devoid of electrons. As such, it also 
cannot carry a current. If an electron were placed in this band, it would acquire a 
net drift under the influence of an electric field. In the region between the two bands 
( the energy gap) there are no allowed states and we would not expect to find any 
electrons. Since the interatomic distance in a crystal is not isotropic (it varies with 
the crystallographic direction), one would expect the banding of states to be affected 
by this directional variation. This leads to complex topography of the energy gap 
within the unit cell of the crystal. Of course, since each unit cell is identical, the 
energy gap has the same minimum value in each unit cell. 
An alternative approach we can use to .arrive at the concept of bandstructure 
in crystals is to start with the picture of the atoms ·Of the crystal already in there 
ordered state. We then can describe the effect this crystal lattice has on electrons 
in the crystal by approximating the crystal as a periodic array of potential wells. 
This leads us to the well known Kronig-Penney model [10], which is often solved in 
the one dimensional case in introductory solid-state courses. The above discussion, 
while qualitative, will suffice for the purposes of this chapter. 
Excitoris 
Excitons can be considered as the excited states of the N-particle system com-
prising the semiconductor: As an electron from the valence band is excited to the 
conduction band, it can experience an attractive Coulomb potential between itself 
and the missing electron (which can be regarded as a positively charged particle, or 
hole) in the valence band. This attractive potential between the electron in the con-
duction band and the hole in the valence band gives rise to a hydrogen-like spectrum 
g 
with an infinite number of bound states and an ionization continuum. As such, an 
exciton can be defined as the lowest excited state of a pure insulating semiconductor. 
Basic Theory of Excitons 
Two distinct limits are used to describe the excitonic nature of a particular 
material. They are referred to as Frenkel excitons and Wannier excitons. In general, 
the Frenkel picture best describes excitons in (ionic) crystals, where the interaction 
between the atoms of the crystal are weak and any excitation can be considered 
as being localized to a given atom of the crystal. Frenkel excitons are, therefore, 
localized to distances on the order of, or slightly greater than, the atomic spacing of 
the crystal, typically 0.5-1.0 nm [11). The localized exciton description of Frenkel, 
though, is not appropriate for most II-VI and III-V semiconductors, including the 
group III nitrides, because the interaction between individual atoms in the crystal is 
very strong and any elementary excitation will extend over a large number of atomic 
sites [12). In this case, the excited state of the crystal is constructed by taking an 
electron from the valence band and placing it in the otherwise unoccupied conduction 
band. The complex many body-interactions between the conduction band electron 
and the N-1 electrons in the valence band is simplified by introducing the concept 
of a "hole" in the valence band left when the electron was excited to the conduction 
band. The electron and hole can then be bound by the Coulomb interaction between 
them to form a hydrogen-like system known as a Wannier exciton [13), [14). 
In the above mentioned limit of Wannier excitons, where the electron and hole 
are separated by many atomic spacings, we can use the effective mass approximation 
to simplify a description of the excitonic system [13). In this approximation, the 
Schrodinger equation of the two particle system can be written as: 
---- -- W=EW ( -ti2\l; -n2\l~ e2) 
2m; 2mh er 
(1) 
where m; and mh are the effective masses of the electron and hole, respectively, r is 
the separation between the electron and the hole, and c is the dielectric constant of 
the material. In this formalism, the similarities to the hydrogen atom are clear. The 
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major differences are the effective masses used for the semiconductor system and the 
dielectric constant, which screens the Coulomb interaction between the electron and 
the hole. The solution of the Schrodinger equation gives eigenstates that include a 
set of bound states of energies: 
me4 h2K2 
E (k) - r 
n - - 2h2c2n2 + 2 (m; + m;J (2) 
where n = 1, 2, ... , oo, mr is the reduced effective mass given by m:;1 
(mh)- 1 , and hK is the momentum of the center of mass (the mass in the center 
of mass system is given by M = m; + mh). In the above equation, the energy 
(En) is measured with respect to the bottom of the conduction band. The excitonic 
spectrum, therefore, consists of a hydrogen-like system of bound states below the 
energy gap of the semiconductor. This is shown schematically in Fig. 3. The first 
term in the above equation is typically expressed as -Ry/n2 , where Ry is defined 
as the exciton Rydberg, Ry = (mr/m0 E:~)R:, R: == 13.6 eV is the hydrogen atom 
Rydberg, and m 0 is the rest mass of an electron. 
The solution for the wavefunction can be expressed as the product of a plane 
wave and the hydrogenic wavefunction: 
<Pn,K(R, r) = v-1!2 exp(iK · R)'Tln(r) (3) 
where R is the center of mass coordinate and 'Y n ( r} are the hydrogenic wavefunctions 
for the excitonic system. The hydrogenic wavefunction of the ground state is given 
by: 
(4) 
where aB is the Bohr radius of the ground state, given by aB = (mo/mr)coafJ. ai{ 
is the Bohr orbit radius of the hydrogen atom, ai{ = 0.053 nm. Fig. 4 shows a low 
temperature absorption spectrum of high quality GaAs near the band edge, clearly 
illustrating n = 1, 2, 3 free exciton transitions. 
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LO-phonon Interaction 
Due to the large exciton binding energy and wide band gap nature of the 
materials studied in this monograph, excitons are not thermally dissociated at room 
temperature. As such, the Frohlich interaction between carriers and longitudinal 
optical (LO) phonons has the greatest effect on the optical properties studied in this 
work. The Frohlich interaction Hamiltonian describing the LO-phonon interaction 
in a crystal is given by (15], (16]: 
Hp(r) = L -i ( 4,rri) 1/2 tu.,£0~ exp(iq. r) (2;'.•) 1/2 Q, 
q . . 
(5) 
where Qq is the canonical vibrational coordinate, Wq is the freguency of LO-phonon 
mode q, n is the volume of the crystal, and hwLo is the LO-phonon energy (approx-
imately 92 meV for GaN). The polaron radius, rp, and the polaron constant, a, are 
defined as: 
( 
71, ·) 1/2 
rp = 2mwLo . (6) 
and 
1 1 e2 ( 2 2 ) (7). . 
a= Tp 2hwfo 47rcocoo WLO - Wro 
The importance of long wavelength phonons is obvious in the 1/q dependence of 
equation (5). The strength of this interaction in a given material is often expressed 
by the product of a and ri>, given by the parameter rs = 1r-112arp. GaN exhibits 
a significantly stronger. LO-phonon interactipn than is typically observed in II-VI 
(17] and III-V (18) semiconductor materials. This strong interaction in the group 
III nitrides affects the optical pr'aperties, · mc:ist · clearly evidenced in the tempera-
ture dependent absorption spectra, where the narrow excitonic features seen at low 
temperatures significantly broaden with increasing temperature due to LO-phonon 
intermediated dissociation. The linewidth broadening, determined by the increase 
12 
in the full width at half maximum (FWHM), of the ls exciton state due to the in-
teraction with one LO-phonon can be expressed by first order perturbation theory 
as [19]: 
I'(T) - I',nh +r w [ exp (1;,;;) -1 r (8) 
where rinh is the inhomogeneous linewidth (due to extrinsic effects such as alloy 
fluctuations), kB is the Holtzman constant, and rLo represents the strength of LO-
phonon coupling. Values of rLo for GaN obtained experimentally using femtosecond 
four wave mixing [20] and optical absorption [21] experiments were found to be 390 
and 375 meV, respectively. These values are much larger than those for GaAs and 
GaAs quantum wells [18]. This is not surprising as GaN has larger electron and hole 
effective masses than GaAs and, hence, a much larger density ofstates. In contrast, 
the density of states of ZnSe and ZnCdSe quantum wells are comparable to that of 
GaN, but r LO is still considerably smaller than that of GaN [17]. This is somewhat 
counter-intuitive, as the density of states of ZnSe and its polarity are comparable 
to those of GaN. The difference in r LO is explained, in part,. by the considerably 
larger optical phonon energy of GaN ( approximately 92 rne V) compared to that of 
ZnSe (30 meV). It is also possible that a larger deformation potential interaction, 
accounting for a significant fraction of rLo in addition to the Frohlich interaction, is 
responsible for the larger value of rLo in GaN. In any event, linewidth broadening 
is seen to be more severe in GaN based systems than II-VI and conventional III-V 
systems. 
Exciton Related Gain Processes 
In this section a brief description of excitonic processes leading to optical gain 
in HES is given. These processes occur in a regime- of moderately high excitation 
intensity in which excitons have not been entirely dissociated due to screening by free 
carriers and scattering mechanisms, but are present at densities high enough that 
interactions between particles becomes sufficiently high and the following recombi-
nation processes become appreciable. In these processes, only part of the energy 
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of the recombining exciton leave the crystal as a photon. The remaining energy is 
transferred to other excitations, such as free carriers, excitons, or phonons. Possi-
ble exciton related optical gain processes in HES, first introduced by Benoit a la 
Guillaume et al.[22), are given below 
.& Exciton-Electron recombination 
.& Exciton-Hole recombination 
.& Exciton-LO phonon recombination 
.& Exciton-Exciton recombination 
.& Excitonic molecule recombination 
In exciton-electron recombination, an exciton scatters off of a free electron, 
losing energy and momentum to the free electron and recombining at or near k = 0. 
A similar process cart occur between excitons and holes in the valence band. Exciton-
LO phonon recombination involves the loss of energy and momentum of an exciton 
to an LO-phonon with the exciton again recombining at or near k = 0. Exciton-
exciton recombination occurs when two excitons in the n = 1 hydrogen-like ground 
level scatter, promoting one exciton to then= 2 level {or higher). The other exciton 
recombines at a lower energy, conserving total energy. The final possibility is that 
(at high excitation densities) an excitonic molecule, consisting of the bound state 
of two excitons [23), can decay into a free exciton and another that recombines at 
lower energy (conserving total energy) near k = 0, emitting a photon. Of the above 
excitonic recombination mechanisms leading to optical gain in semiconductors, only 
exciton-exciton scattering is pertinent to the contents of this monograph and will be 
discussed in more detail. 
Inelastic exciton-exciton scattering manifests itself in the luminescence spectra 
of HES by a new emission band, which is displaced from the free exciton posi-
tion by approximately one exciton binding energy (E~). These new emission bands, 
commonly referred to as ?-bands in the literature, are generally described to good 
approximation by: 
n = 2, 3, 4, ... , oo (9) 
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where, again, E9 is the band gap of the semiconductor, E~ is the binding energy of the 
exciton, and hwmax is the peak energy of the P n band. This is shown schematically 
in Fig. 5. The Pn lines are often broad (10-30 meV in GaN) compared to the exciton 
linewidths, even at low lattice temperatures. This is explained by the excitons having 
excess kinetic energy and results in the excitons having an effective temperature (Tx) 
that can be much higher than the lattice temperature (TL). In addition, the exciton 
binding energy may change due to the presence of the dense excitonic gas created by 
the intense optical pump beam (24). From equation 9 we see that the P-bands extend 
from approximately (1 + 3/4)E~ to 2E~ below the band gap of the semiconductor 
(or, equivalently, from 3/4E~ to E~ below the excitonic resonance). Fig. 6 shows 
a low temperature spectrum of highly excited GaN illustrating various P2-lines. In 
addition, there is the possibility that the P-bands can extend to energies far below 
E9 - 2E~ if one of the excitons is scattered high into the continuum. In this case, 
as the excitation increases, the bottom of the bands become filled and the unbound 
pairs created in the exciton-exciton scattering process must have higher and higher 
energies. As such, the kinetic energy (E~ h) can no longer be neglected. The shift of 
' 
the P-line towards lower energy can then be expres:;ed as: 
(10) 
If we assume that the bands are elliptical and consist of only one extremum this 
band-filling gives a shift in the P-line maximum (with respect to the P00 line) of: 
[ 1 1 l h2 ( 3 ) 2/ 3 hAWmax = - + - - -- n213 
m* m* 8 87!' e h 
(11) 
where n designates the number of free carriers per unit volume in the above equation. 
The exciton-exciton scattering process gives rise to a rather symmetric gain spectrum 
with a flat transition from gain to absorption. The maximum of the gain shifts to 
lower energies with increasing temperature. Fig. 7 shows calculated gain spectra for 
CdS at different temperatures. Only scattering to the n = 2 exciton state ( P2-line 
emission) is considered in the calculation. 
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The Electron-Hole Plasma 
In this section the optical properties of semiconductors in which the density of e-
h pairs is so high that the bound e-h pair states ( excitons) are no longer stable will be 
described. The e-h pairs can then form a collective state, described as an electron-hole 
plasma (EHPf This collective state is characterized by a phase transition at a critical 
temperature at which the excitons ionize as the density of electronic excitations is 
increased. This ionization is due to the screening of the attractive Coulombic force 
between the electrons and holes due to the presence of a high density of free carriers. 
The bound e-h pairs then become unstable and the system is said to undergo a 
Mott transition. The density at which this transition occurs can be estimated by 
the simple argument that bound states become impossible if the screening length 
becomes on the order of, or less than, the Bohr radius of the exciton (kn = l/a0 , 
where kn is the inverse Debye-Hiickel screening length and a0 is the exciton Bohr 
radius in the ground state). The inverse Debye-Hiickel screening length is given by: 
kn= ( 81rne
2 
·)· 
EokBTp 
(12) 
where k8 TP is the thermal plasma energy and n is the density of free carriers. The 
density of free carriers at which the Mott transition occurs can then be estimated as: 
(13) 
We · start our discussion of EHP recombination by examining the electronic 
states in a given band structure and show how high densities of free carriers can 
result in net optical gain. 
The wavefunction of an electron in a given band {say the conduction band) can 
be written as: 
(14) 
where uc-;;(r) contains information on the periodicity of the semiconductor crystal 
lattice and k is the crystal momentum vector. The crystal momentum vector is 
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quantized such that: 
k· = 21rs. 
i L· ' 
i 
i =x,y,z (15) 
where s is an integer and Li is the length of the crystal in the i-direction. In the 
parabolic band approximation, the energy above the conduction band edge for a 
given state k is given as: 
E(k) == h2k2 · 2mc (16) 
where me is the effective mass for electrons in the conduction band and E(k) is 
measured with respect to the bottom of the conduction band. From equations (15) 
and (16) we can obtain an expression for the density of states per unit energy in the 
conduction band: 
. 3/2 
(E) = ~ (2mc) El/2 Pc . 21r n,2 . (17) 
with a similar expression for the density of states per unit energy in the valence band. 
At T = 0 the ground state of an electron system in a semiconductor is char-
acterized by a fully occupied valence band and an empty conduction band. If an 
electron is excited by a photon from the valence band (state a) to the conduction 
band ( state b), leaving behind an empty electronic state (hole) in the valence band, 
the total energy and momentum should be conserved ( the reverse process in which 
an electron and hole recombine and emit a photon should also conserve energy and 
momentum). Since the photon momentum kp is, in general, negligible compared to 
the carrier momentum, the conservation of energy and momentum equations become: 
(18) 
and 
(19) 
Now assume that by some means (i.e. by optical excitation) we prepare a 
semiconductor such that the states below a given level in the conduction band (EFc) 
are occupied and those above a certain level in the valence band ( E Fv) are empty. 
EFc and EFv are referred to as the quasi-Fermi levels of the conduction and valence 
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bands, respectively. This is illustrated in Fig. 8. In this condition, the semiconduc-
tor is referred to as "inverted". At finite temperatures the electrons and holes are 
thermally distributed around their quasi-Fermi energies. This thermal redistribution 
is governed by the Fermi-Dirac law: 
f(E) = 1 
exp [(E - EFv,c)/kBT] + 1 
(20) 
This is given schematically in Fig. 9(a). Now, it can be shown [25] that the gain 
coefficient, g(w), at a given temperature can be expressed as: 
(21) 
where µ is the interband matrix element, T2 is the carrier dephasing time, and Pi is 
the joint density of states, given by: 
(22) 
where mr is again the reduced mass of the electron and hole. In the approximation 
T2 -+ oo, the last term in the integrand of equation (21) becomes a delta function 
and the gain can be integrated to: 
g(w) = aa(w) [fc(w) - fv(w)] (23) 
where a 0 (w) is the loss of the unpumped system, given as: 
(24) 
It follows from equation (23) that the necessary condition for net optical gain (g(w) > 
0) is: 
fc(w) - fv(w) > 0 (2q) 
which can be rewritten using the Fermi-Dirac function as: 
(26) 
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A graphic illustration of EHP gain calculation based on equation (23) is given in 
Fig. 9. The gain profile is enveloped by the E 112 functional form of the bulk density 
of states given in equation (17). It is clear from Fig'. 9 that optical gain exists for 
photons in the energy range between the reduced band gap (E;) and the energy 
separation of the quasi-Fermi energies: 
(27) 
where EFc - EFv is referred to as the chemical potential, µ(n, T). Often the quasi-
Fermi energies are given with respect to their respective band edge. In this case 
equation (27) becomes: 
E' < nw < E' + Ee + Eh g g · F F (28) 
where E'j, and E'l., represent the quasi-Fermi energies in this convention. Absorption 
is clearly expected for photons of energy greater than: 
hw > E' + Ee + Eh g F F (29) 
Typically, optical gain originating from an electron-hole plasma will be observed at 
photon energies slightly below the unperturbed band gap of the material. 
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Figure 1. 5 K near band edge luminescence spectra of CdS for various optical exci-
tation intensities. The normalization factors are given on the left side 
of the figure. From [9]. 
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Figure 2. ~nergy banding of allowed electronic levels jn diamond as a function of 
spacing betw~en carbon atoms. From [26]. · 
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Figure 3. Schematic of the dispersion curves of Wannier excitons in direct gap 
semiconductors. The bound states form the discrete bands with main 
quantum numbers n = 1, 2, ... , oo, while the ionized states form a 
continuum. E9 . and E/; represent the band gap energy and exciton 
Rydberg energy, respectively. The curvature of the dispersion curve 
gives the effective mass of the exciton. From ref. [8]. 
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Figure 4. Absorption spectrum of high quality GaAs near the band edge at 1.2 K. 
The n = 1, 2, 3 free exciton transitions are clearly seen. Excitons 
bound to donors (D0 -X) are also indicated. From ref. [27]. 
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Figure 5. Schematic of inelastic exciton-exciton. scattering recombination in direct 
gap semiconductors. Eg and Ex represent the band gap energy and 
the n = 1 free exciton energy, respectively. From ref. [8]. 
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Figure 6. Emission spectra of GaN at 1.8 K as a function of optical excitation density 
under the conditions of ns pulsed excitation. 10 ;:::: 2.5 MW/cm2 . 
New emission lines attributed to inelastic scattering of excitons into 
the n = 2 and n = oo excited states appear with increasing optical 
excitation. From ref. [28]. 
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Figure 7. Calculated gain spectra of exiton-exciton scattering in CdS at different tem-
peratures. Only transitions to then = 2 exciton state (P2-emission) 
were considered in the calculation. From ref. [29]. 
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Figure 8. Band diagram of a direct gap semiconductor under the conditions of strong 
optical excitation leading to the formation of an EHP. An optical beam 
of frequency w0 and intensity ! 0 is incident on a pumped semiconductor 
medium characterized by quasi-Fermi levels EFc and EFv· A single 
pair ( a, b) with the same k value is shown. The induced transition 
a -+ b contributes one photon to the beam. From ref. [30]. 
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Figure 9. A graphical step-by-step construction of the gain profile, refered to here 
as 7(w) instead of g(w), assuming T2 = oo .. The dashed curves in (c) 
and ( d) correspond to a higher excitation level, resulting in a shift in 
. point z to the right which in turn results in an increase in "Ymax and 
the frequency, Wmax, at which it occurs. tiw = EFc - EFv· From ref. 
[25]. 
CHAPTER III 
GENERAL PROPERTIES OF THE GROUP III 
NITRIDES 
Because several reviews of the optical properties of the group III nitrides exist in 
the literature ( see, for example (31], (32]) where interested readers can readily find the 
a good synopsis of known optical properties, only those properties that are pertinent 
to the contents of this monograph will be given here. Since the technologically 
important nitride-based materials are InGaN {for blue light emitting devices) and 
AlGaN (for solar blind UV detectors) with moderate to low indium and aluminum 
concentrations, respectively, we will concentrate on the optical properties of the base 
material, GaN. This is also made necessary because of the large band tailing that 
results from the incorporation of Al and In into GaN to form AlGaN and InGaN, 
making the observation of fundamental optical transitions very difficult, even in 
state-of-the-art high quality crystals. 
Structural 
Like most·. semiconductor materials, the group III nitrides have a tetrahe-
drally coordinated atomic arrangement that typically results in either a hexagonal 
(wurtzite) or cubic (zincblende) crystal structure. In all, there are three common 
crystal structures shared by the group HI nitrides: The wurtzite, zincblende, and 
rocksalt structures. The thermodynamically stable structure for bulk AlN, GaN, and 
InN at ambient conditions is wurtzite, although the zincblende structure has been 
stabilized by epitaxial growth of thin films on the (100) and (011) crystal planes of 
cubic crystal substrates such as Si, MgO, and GaAs. The rocksalt structure can only 
be induced at very high pressures. Only the structural and optical properties of the 
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wurtzite form of the group III nitrides will be considered in this monograph. The 
. wurtzite crystal structure has a hexagonal unit cell, and therefore two lattice con-
stants, designated as a and c. It contains six atoms of each type and consists of two 
interpenetrating hexagonal dose packed sublattices (each with one type of atom), 
offset along the c axis by 5/8 of the cell height (5/8 c). The stacking sequence of 
the (0001) diatomic planes is ABABAB in the <0001> direction. The space group-
ing of the wurtzite structure is P63mc ( Ctv). The wurtzite crystal structure and 
stacking sequence are given in Figs. 10 and 11, respectively. In its wurtzite form, 
AlN has a molar mass of 20.495 gm/mol. Reported lattice parameters range from 
· 0.3111 to 0.3113 nm for a, and from 0.4978 to 0.4982 nm for c. The AlN linear 
thermal expansion coefficients are a..1_ = 5.27 x 10-6 K-1 for T = 20 - 800 °C, and 
a,, - 4.15 x 10-6 K-1. The thermal conductivity of AlN is k = 2 W/cm-°C at room 
temperature. The dielectric constants of AlN are t(O) = 9.14 and t(oo) = 4.84 at 
300 K. GaN has a molecular weight of 83.728 gm/mol and room temperature lattice 
parameters of a0 = 0,31892 ± 0.00009 nm and c0 = 0.51850 ± 0.00005 nm. The GaN 
linear thermal expansion coefficient is a11 = 4.15 x 10-6 K-1along the a-axis. The 
thermal conductivity of GaN is k = l.3 W/ cm-°C at room temperature, nearly equal 
to that of Si and about three times that of GaAs. The dielectric constant of GaN 
has been measured to be in the range t(O) = 8.9 to 9.5 at room temperature, just 
below that of SiC. Values reported for InN are varied due to the absence of good 
quality single crystal films. InN has a molar mass of 128.827 gm/mol and the lattice 
parameters reported in the literature range from 0.3530 to 0.4980 nm for a0 , and 
from 0.5960 to 0.574 nm for c0 • For a complete review of.the structural properties of 
the group III nitrides, ~ee, for example, ref [31]. GaN is by far the most extensively 
studied of the group III nitrides, but is still in need of extensive investigation if it is 
to reach the level of understanding and technological status of Si and GaAs. 
Optical 
When GaN crystallizes in the wurtzite form, its conduction band minimum is 
located at the center of the Brillouin zone (r-point, k = 0) and has a r 7-symmetry 
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with a quantum number Jz = 1/2. The valence band also has its maximum at the 
f-point, resulting in a direct fundamental band gap: The top of the valence band is 
split into three sub-bands as a result of crystal-field and spin-orbit coupling. These 
valence bands are conventionally referred to as the A, B, and C valence bands and are 
a direct result of GaN's wurtzite crystal structure. The A-band has f 9-symmetry, 
while the B and C bands have r 7-symmetry. Detailed reviews of the electronic 
band structure can be found in abundance in the literature. The band structure 
of wurtzite GaN is shown in Fig. 12. Because only the transitions associated with 
the lowest conduction band and uppermost valence bands in GaN near k = 0 are 
pertinent to this monograph, they are shown in detail in Fig. 13. In GaN, each 
valence band generates a hydrogenic series of excitonic states [33], [34]. The free 
exciton states in GaN are adequately described by the Wanner-Mott approximation 
described in the preceding chapter. · The ternary compounds InGaN and AlGaN 
typically do not exhibit excitonicfeatures and (spontaneous) emission is dominated 
by recombination from band tail states, with the depth of band tailing dependent on 
the Al and In concentrations as well as the growth conditions, Because of this, we will 
concentrate in this section only on the optical properties of GaN. This allows us to 
gain a better understanding of the base material without the complications presented 
in the ternary compounds. The optical properties of the ternary compounds will be 
introduced as needed later in the text. 
Photoluminescence 
At low temperatures, the near band edge luminescence observed from most 
GaN layers is dominated by a strong, narrow emission line resulting from radiative 
recombination of bound excitons, typically denoted as BX. In addition, one or more 
other features may be present originating from radiative recombination of the A and 
B free exciton transitions, designated as FXA and FXB, respectively. Typical low 
temperature photoluminescence spectra are shown in Fig. 14. Note that the intensity 
of the BX line decreases with increasing temperature at a rate much quicker than the . 
free exciton transitions, giving evidence that the bound exciton designation is correct. 
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Typical lifetimes of the main PL decay are on the order of~ 35 ps for the free exciton 
transitions and ~· 55 ps for the bound exciton transition at 10 K. These values are 
much shorter than the theoretically estimated values of a few nanoseconds [35]. The 
faster than expected decay indicates that nonradiative recombination dominates the 
exciton population decay. 
Absorption 
Three fine exciton resonances associated with the A, B, and C exciton transi-
tions between the bottom of the conduction· band and the top three valence bands 
have been observed in high quality GaN thin films. The excitonic resonances have 
been observed in absorption measurements· at temperatures iri excess of 400 K, il-
lustrating the substantially large exciton binding energy of excitons in this material 
· [21]. Typical absorption spectra from high quality GaN thin films are shown in Fig. 
15. The spectrally distinct excitonic resonances seen at lQ K are seen to broaden 
and merge with increasing temperature, but are still observable at temperatures 
exceeding 400 K. 
Photoreflection 
Reflectivity measurements, especially photoreflectance, clearly demonstrate the 
signatures of the ls A, B, and C excitonic transitions as well as the fundamental band-
to-band transition [36], [37], [38]. In addition, high~r order excitonic transitions can 
often be observed. This is demonstrated in Fig. 16. 
Strain effects on the excitonic transitions 
Recently, the importance of residual strain effects in GaN epilayers due to the 
mismatch of lattice parameters and coefficients of thermal expansion between Ga:N 
and common substrate materials has been realized [39], [40], [41], [42]. Even though 
strain relaxation by the formation of a large density of dislocations is known to occur 
in GaN, the residual strain in the layers has been shown to have a strong influence on 
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the exciton transition energies. This is illustrated in Fig. 17 for samples of varying 
thickness (and therefore varying degrees of rel~xation) and different substrates (SiC 
and sapphire). The reflection spectra clearly show shifts of the excitonic transitions 
between the different samples. In general, it ~s difficult to determine if the dominant 
strain effect is due to the lattic~ 'parameter mismatch or the thermal mismatch be-
tween the GaN layer and the substrate, but it is clear. from Fig. 17 that the overall 
effect of residual strain in GaN on sapphire is compressive, leading to an increase in 
the band gap energy, while the stress induced on GaN on SiC is tensile and results 
in a decrease in the band gap· energy .. · From this it has been determined that the 
thermal expansion mismatch has the dominant effect on the energy variations of the 
excitonic transitions in GaN, since lattice mismatch induced strain by itself would 
have an opposite effect qii the transition ene_rgies [43], [42], [41]. For the above rea-
sons, it is important to compare.relative. energy shifts of the band edge transitions 
with increasing optical excitation, not just the absolute energy changes, in the pages 
to come. It is also important to take this into consideration when attempting to 
compare optical phenomena from different GaN layers, even though they may all be 
of exceptional quality. 
AlGaN 
The alloying of GaN with AlN results in the ternary compound AlxGa1_xN, 
which is technologically important in that its ( direct) band gap can be tuned from 
. . . . . ' . ' 
that of GaN (~ 3.5 e V) to that of AlN (~ 6.2 e V), coveting almost the entire deep UV. 
region of the spectrum. To first approximation, the banc:l gap of AlxGa1-xN can be 
. . 
estimated to be a linear extrapolation between that of GaN and AIN. Typically this 
is not the case in SE:)miconductors, imd a bowing parameter, .b, must be introduced. 
The dependence of E9 on x then becomes: 
E9 (x) = xE9 (AlN) + (1 - x)E9 (GaN) - bx(l - x) (30) 
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where E9 (AlN) and E9 (gaN) designate the band gap energies of AlN and GaN, 
respectively, xis the aluminum mole fraction, and bis the bowing parameter. Cur-
rently there is no agreement on a suitable method for determining the mole fraction 
of aluminum in AlGaN films. Consequently, significant controversy exists on how the 
band gap changes with aluminum mole fraction. The reported values for the band 
gap change with aluminum mole fraction are summarized in Fig. 18. Note that the 
band gap is almost a linear function of x. 
InGaN 
The alloying of GaN with InN results .in the ternary compound lnxGa1_xN 
which is technologically important for its use in near UV-blue-green light emitting 
devices, as its (direct) band gap can be tuned from that of GaN ( ~ 3.5 e V) to that 
of InN (~ 1.9 eV) by varying the indium concentration. Unlike AlxGa1_xN, the 
band gap dependence on indium mole fraction measured by a number of researchers 
with different growth techniques has resulted in a consistent bowing parameter of 
b = 1.0 eV in the following equation [44}: 
E9 (x) = (1 - x)E9 (InN) + xE9 (GaN) - bx(l - x) (31) 
where E9 (InN) and E9 (GaN) refer to the band gaps of InN and GaN, respectively, 
and xis the indium mole fraction. The consistency of reported results is illustrated 
in Fig. 19. A good fit of equation (31) to the experimental results is clearly seen. 
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Figure 10. Schematic of the wurtzite unit cell. From [45]. 
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Figure 11. Stacking sequence ofatomic planes in wurtzite GaN. From [46]. 
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most valence bands in wurtzite GaN at the r point (k ~ 0). From 
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Figure 14. Low temperature near band edge PL spectra from a 7.2 µm GaN thin 
film grown by MOCVD on {0001) oriented sapphire. The spectra 
have been shifted vertically for clarity. The inset shows the 10 K PL 
spectrum over an expanded spectral range. Adapted from (49]. 
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Figure 15. .. Absorption. spectra in the vicinity of the fundamental··· absorption edge 
of a 0.38 µm GaN epitaxial layer grown on (0001) oriented sapphire 
by MOCVD. · The curves have been vertically displaced for clarity .. 
The inset details the near band edge exciton resonances at 10 K .. The 
spectral feature indicated by the arrow in th~ inset .is due to indirect 
exciton formation by the simultaneous creation of an exciton and an 
LO phonon. From [48]. · 
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Figure 16. 10 K photoreflection spectrum from a 7.2 µm GaN epitaxial layer grown 
by MOCVD on (0001) orientedsapphire. The open circles represent 
experimental data and the solid line represents the best least squares 
fit to the experimental data. The A, B, aIJ.d C excitonic transitions 
ate clearly seen in the PR spectrum, as are higher order excitonic 
transitions. The inset shows the same for a 3. 7 µm GaN epitaxial 
layer grown on SiC. From [36]. 
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Figure 17. 10 K photoreflection spectra in the excitonic region of GaN layers of 
various thickness and substrate material. The curves have been verti-
cally displaced for clarity. The inset gives the measured GaN lattice 
parameter in the growth direction (c,.axis) versus the in-plane· lattice 
constants (a-axis) measured ·by high precision X-:ray diffraction. The 
solid circle in the inset shows the lattice constants for strain-free GaN 
for reference. From [48]. 
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Figure 19. Band gap of In:cGa1_:i:N epitaxial layers as a function of alloy composition 
x. The solid circles, open circles, anp. -open squares represent experi-
mental data reported in the literature. The dashed line represents the 
equation given in the text. From [31]. 
CHAPTER IV 
EMISSION PROPERTIES OF HIGHLY EXCITED 
GROUP III NITRIDES 
We will concentrate in this chapter on the emission properties of highly excited 
group III nitrides, with an emphasis on GaN, which is by far the most extensively 
studied of the group III nitrides. The alloying of GaN with moderate (x ;S 0.2) 
molar concentrations of Al and In to form the ternary compounds AlxGa1_xN and 
InxGa1_xN allows the band edge emission to be tuned over the entire near UV to blue 
wavelength region. In particular, InGaN is well suited for generation of light in the 
violet and blue spectral region, and is therefore of significant technological relevance. 
Because of the difficulties associated with indium incorporation into GaN, InGaN 
films typically exhibit significantly broader band edge transitions due to composi-
tional fluctuations. The same is true for AlGaN films, although the difficulties in 
uniform Al incorporation have different origins. Because of this, we will concentrate 
in this section mostly on the optical properties of the base material, GaN, where the 
band edge transitions are significantly better behaved and can be better compared 
to phenomena predicted by theory. We will point out here that while GaN exhibits 
markedly improved optical quality over its ternary alloys, its development is still in 
its infancy compared to traditional III-V semiconductor technology. Because of this, 
its optical quality is far from that of GaAs based semiconductors. For this reason, 
the optical phenomena associated with highly excited GaN can vary (slightly) from 
sample to sample and experimental fact often cannot be quantitatively described by 
theory (this is often difficult even in near perfect semiconductors). Because of this, 
we will concentrate on the optical properties associated with highly excited GaN 
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that are common to all high quality GaN layers studied and we will rely on qualita-
tive analysis to describe the emission mechanisms common to all. This chapter will 
start with a description of the band edge related emission from GaN thin films as a 
function of increasing optical excitation. It will then describe the stimulated emis-
sion (SE) behavior of GaN as a function of temperature, most notably how the SE 
threshold (Ith) and the energy separation between the SE peak and the spontaneous 
emission peak change as a function of temperature. We will then use this behavior 
to deduce the SE mechanism(s) for the various temperatures. Next, we will describe 
the emission behavior as we form laser structures from GaN layers by processing 
the sample edges to form cavity mirrors (facets) and increase the reflectivity of the 
laser cavity mirrors by imposing external mirrors on the facets. The last section will 
describe the emission behavior of highly .excited AlGaN and InGaN thin films and 
how their behavior compares to GaN. 
Stimulated Emission from Highly Excited GaN 
SE from GaN was reported as early as 1971 by Dingle et al. who optically 
pumped single crystal GaN needles using the 337 nm radiation from a nitrogen laser 
to achieve SE at cryogenic temperatures [50]. The report also included the observa-
tion of lasing when the needles were mechanically polished to form the cavity facets 
necessary for feedback and lasing to occur. Following the report by Dingle, several 
groups reported similar behavior and some preliminary work was done towards iden-
tifying the low temperature gain mechanisms in GaN. Although SE was reported 
over 25 years ago from GaN, it took the development of suitable epitaxial techniques 
to produce GaN thin films and heterostructures necessary for device development. 
In addition, the lack of a suitable lattice matched substrate for GaN significantly 
hindered the development of high quality single-crystal GaN thin films. Some <?f 
these issues remain today. 
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The GaN layers used in this work were nominally undoped epitaxial films grown 
by low pressure metalorganic chemical vapor deposition (MOCVD) on (0001) ori-
ented sapphire and 6H-BiC substrates. Thin AlN buffer layers ( on the order nanome-
ters) were deposited on the substrates at 775 cc prior to the growth of GaN. The GaN 
layers were deposited at 1040 cc on the AlN buffer layers. These growth conditions 
typically result in high quality single-crystal GaN layers [51), [52]. The thickness of 
the GaN layers used in this work ranged from 0.8 to 7.2 µm. 
Optically pumped SE studies are typically carried out in a "side-pumping" or 
"edge emission" geometry, where the exciting laser beam is focussed to a line on 
the sample surface using a cylindrical lens and the emission is collected from one 
edge of the sample. This geometry ensures adequate amplification path length and 
simulates the geometry of traditional stripe geometry laser diodes. In contrast, the 
sample may be excited in a "surface emission" geometry, where the exciting laser 
beam is focused onto the sample surface (typically in the form of a circular spot) and 
the emission is collected from the surface of the sample. This is often done is spon- . 
taneous emission studies where one wants to avoid the lineshape distortion caused 
by the reabsorption of emitted photons as they travel along the (long) amplification 
path in the edge emission experiments. These two geometries are shown in Fig. 20. 
The near UV laser radiation required to optically pump GaN above its fundamen-
tal band gap was generated by frequency doubling deep red radiation generated by 
an amplified dye laser pumped by the second harmonic of a Q-switched, injection 
· seeded Nd: YAG laser. The pulse width was·~ 4 ns FWHM and the laser operated at 
a repetition rate of 10 Hz. Alternately, the third harmonic (355 nm) of the Nd:YAG 
laser could be used directly to pump the samples. The latter system is advantageous 
in that the laser noise in significantly reduced but it .suffers from a lack of tunability 
of the excitation wavelength. For this reason, both pumping systems were utilized, 
depending on which was more advantageous for a given experiment. Naturally, op-
tically pumped SE and lasing is a precursor to the desired goal - current injection 
lasers. Optical pumping is, therefore, a valuable tool in assessing the material quality 
of a semiconductor and in studying its optical phenomena without the restrictions 
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imposed by proper junction placement, current confinement/leakage considerations, 
and suitable electrical contacts. 
The evolution of band edge emission from GaN with increasing optical excita-
tion in is shown in Fig. 21 at 10 K. Under the conditions of low optical excitation, 
two distinct transitions are clearly seen, attributed to radiative recombination of 
bound excitons (BX) and the ls A free exciton transition ( designated as FX in the 
figure), as described in the preceding chapter. With increasing optical excitation, the 
BX transition is observed to saturate and the FX transition broadens and continues 
to increase. At sufficiently high excitation densities (Iexc), as achieved in nanosecond 
optical pumping experiments, a new emission peak emerges approximately 21 meV 
below the FX transition, grows superlinearly with increasing lexc, and redshifts with 
increasing lexc• This new (stimulated) emission peak is consistent with stimulated 
emission originating from inelastic exciton-exciton scattering, as described in Chap-
ter 2. Emission originating from exciton-exciton scattering is commonly referred to 
as the P-line(s), and this notation will be used throughout the rest of this monograph, 
As we increase lexc further, the P-line emission redshifts approximately 15 meV and 
starts to significantly broaden. If we continue to increase lexc, a new emission peak 
shifts out of the P-line and grows superlinearly with increasing lexc· This is shown 
in more detail in Fig. 22 for a 4.2 µm thick GaN layer grown on (0001) oriented 
sapphire. The data presented in the upper curve of Fig. 21 and all of Fig. 22 were 
taken using an amplified femtosecond laser(~ 500 fs FWHM pulse width) to achieve 
the necessary high density excitation without inducing thermal damage to the ex-
cited region. This new SE peak is seen to redshift significantly with increasing lexc 
and is attributed to stimulated recombination of an electron-hole plasma (EHP), as 
described in Chapter 2. The presence of the two SE mechanisms for a given lexc may 
seem contradictory, since by definition no excitons exist when the semiconductor 
undergoes the EHP phase change, but can be explained quite simply by considering 
the different temporal evolution of the two mechanisms and the spatial distribution 
of lexc across the excitation spot. The spectral coexistence of these two emission 
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mechanisms has been observed in other materials and results from the spatial and 
temporal separation of the excitonic and EHP recombination processes [53]. 
The dependence of SE threshold (Ith) of the first SE peak on temperature is 
shown in Fig. 23 for the 4.2 µm sample whose spectra are presented in Fig. 22, 
plotted on a semi-log scale. For temperatures less than approximately 200 K, Ith 
increases faster than exponentially with increasing Iexc· For temperatures greater 
than approximately 200 K, Ith is seen to increase exponentially with increasing Iexc· 
In this temperature region the dependerice of Ith on temperature is described well by 
the empirical formula: 
Ith (T) = I0 exp(T /Tc) (32) 
where Tc represents the ch~acteristic temperature of the SE threshold. A higher Tc 
indicates a lower sensitivity of Iui. on temperature .. The characteristic temperature 
for the sample shown in Fig. 23 was found to be approximately 273 K for the 
temperature region indicated. This· value of Tc is considerably larger than that 
exhibited by other material systems [54], [55), and indicates that GaN is well suited 
for use in light emitting devices required to operate at elevated temperatures. 
An iriteresting and exciting feature of GaN ( and the group III nitrides in gen-
eral) is its ability to exhibit SE for temperatures well above room temperature. Initial 
studies in this area were performed for temperatures up to 475 Kand ~emonstrated 
the suitability of GaN for use in light emitting devices required to operate at elevated 
temperatures. In these initial studies, the limiting factor was the cryostat/heater sys-
tem, not the GaN (the indium seals in the cryostat/heater system would melt if the 
temperature was increased flirther) [56]. .· In order to further study the high tem-
perature SE behavior of GaN and to find the maximum temperature at which GaN 
would stimulate, a new heater system was designed and implemented by the author. 
This heater system was able to sustain temperatures in excess of 500 °C for extended 
periods of time. With this new heater system we were able to obtain SE from GaN at 
temperatures as high as 700 K and sustain it without degradation for several hours. 
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The SE threshold as a function temperature for the entire range in which SE was ob-
served is shown in Fig. 24 for a 7.2 µm sample grown on (0001) oriented sapphire and 
a 4 µm sample grown on 6H-SiC. Similar behavior is seen for both samples as well as 
for the previously mentioned 4.2 µm sample grown on sapphire. The shown behavior 
was observed to be a general property of state-of-the-art GaN thin films. The dif-
ferences in the absolute value of Ith at a given temperature for the different samples 
results from varying degrees of dominance of non-radiative recombination channels 
leading to differences in the radiative recombination efficiency, but clear similarities 
in the behavior of all samples is clearly seen. In the extended range of temperatures 
from approximately 300 to 700 K, GaN is seen to exhibit a critical temperature of 
Tc ~ 172 K, which is significantly smaller than the value of Tc ~ 273 K reported 
above for 200 to 350 K, but is still remarkablylarge. Further information about the 
mechanisms leading to SE in GaN can be obtained by measuring the emission energy 
of the SE peak near Ith relative to the spontaneous emission peak. This is shown in 
Fig. 25 for the entire temperature range (10 K to 700 K) in which SE was observed. 
In these experiments, the spontaneous emission was collected in a surface emission 
geometry to avoid reabsorption of the emitted photons. At low temperatures the SE 
is seen to originate approximately 21 meV below the ls A free exciton emission peak. 
With increasing temperature the separation between SE and spontaneous peak posi-
tions increases, reaching a value of~ 90 meV at room temperature and~ 200 meV 
at 700 K. We see from Fig. 25 that the energy separation increases at a faster rate 
with increasing temperature past rv 150 K. We note that while excitonic features 
have been observed in the absorption spectra of GaN. thin films at temperatures as 
high as 450 K [21], no excitonic features have been observed, nor are expected, at 700 
K. This eliminates all excitonic gain mechanisms from consideration and leaves only 
one, that of an EHP (see Chapter 2). By working backwards in temperature, we see 
no significant change in the SE behavior (both in the Ith and the energy separation 
between spontaneous and stimulated emission change with temperature) until the 
temperature is reduced below rv 150 to 200 K. Below this temperature, Ith is seen 
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to change drastically with temperature and the energy separation between sponta-
neous and stimulated emission changes its near linear dependence on temperature 
and quickly approaches one exciton binding energy(;:::: 21 meV) (36]. This behavior 
is attributed to a shift in the SE mechanism from EHP recombination to that of 
inelastic exciton-exciton scattering for temperatures less than ,...., 150 to 200 K. The 
absolute energy differences between the emission (spontaneous and stimulated) from 
the GaN on sapphire sample compared to the GaN on SiC sample seen in Fig. 25 is 
a result of residual strain in the GaN layer, as described in the previous chapter. 
Cavity Formation and Lasing in GaN 
Although SE from GaN has been reported by several groups, lasing in this 
material system had only been demonstrated in polished single-crystal GaN needles. 
The cavity lengths in these studies were on the order of a few hundreds of µm (50]. 
Optically pumped lasing in epitaxial GaN suffered from the lack of a suitable method 
of cavity formation, as the most common substrate material, (0001) oriented sap-
phire, is not cleavable. In addition, due to the chemically stable nature of GaN, 
standard chemical etching procedures failed to produce suitable cavity facets. New 
etching techniques, such as reactive ion etching (RIE), needed to be developed and 
refined for the group III nitrides. For this reason, a procedure for the fabrication of 
suitable cavity facets using mechanical polishing was developed by the author (see 
Appendix A). This required new mounting and polishing techniques, as the mate-
rials to be polished ( GaN and sapphire) are extremely hard. In addition, the short 
wavelength operation of GaN placed strict requirements on the facets compared to 
conventional III-V lasers. For example, imperfections in the facet quality that may 
be acceptable at wavelengths in the red region of the spectrum could very well be 
detrimental to lasers emitting in the near UV region of the spectrum. The demon-
stration of optically pumped lasing and single-mode operation following cavity facet 
formation illustrated the suitability of the group III nitrides for laser diode appli-
cations and showed that high quality cavities could be formed from this material 
system. This work was soon repeated by a number of nitride research groups. Some 
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of the first reports of current injection lasing in the group III nitrides used the me-
chanical polishing technique for facet formation (57]. Using the mechanical polishing 
techniques outlined in Appendix A, we were able to obtain high quality laser facets; 
as illustrated in Fig. 26 for the 4.2 µm GaN on sapphire sample described above. 
The improvement of the room temperature lasing spectra with increasing facet qual-
ity is shown in Fig. 27, where Fig. 27(a) shows the emission spectra for a bar-like 
sample simply cut from the full sample wafer with a "cavity" length of approximately 
200 µm. In this case, it was possible to achieve laser action at certain spots along 
the length of the bar corresponding to locally smooth and parallel regions where the 
GaN fractured in the cutting process, thereby forming the desired cavity facets. The 
regions of suitable facet quality iri this case are few and the resulting mode spacing 
is irregular and not very welldefined. Fig. 27(b) shows typical spectra for the same 
sample after mechanical polishing of the edge facets. The sample was polished to a 
cavity length of approximately 200 µm in order to directly compare it to the spectra 
of the bar used in Fig. 27(a). We note that the FWHM of the lasing spectrum 
is markedly reduced but that· the mode quality is only marginally improved. This 
changed dramatically when dielectric mirrors were carefully glued to the facet edges, 
as shown in Fig 27(c), where a high reflective mirror was mounted to one facet and a 
30% reflective mirror was mounted to the other, acting as an output coupler. We see 
a dramatic increase in the mode quality of the lasing spectra and the emissio~ inten-
sity was observed to increase by a factor of two after mirror coatings were applied to 
the facets. The mode structure caused by the ,..., 200 µm Fabry-Perot resonant cavity 
was observed to be ~ .0.13 nm, with approximately every other mode dominating 
the spectra, as seen in Fig. 27(c). This value is very close to the calculated value of 
the mode spacing determined by the formula:(58], [59]: 
~,\ = ,\~ .. · 
2L(n - ,\0 dnjdA) 
(33) 
where. L is the cavity length, A0 is the wavelength of one mode, ~A is the spacing of 
an adjacent mode, n is the index of refraction at A0 , and dn/ dA is the variation of 
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the index of refraction with wavelength. The index of refraction of MOCVD-grown 
GaN thin films is given as a function of wavelength in Appendix B. 
With further improvements in mirroring techniques, single-mode lasing was 
achieved, as illustrated in Fig. 28 for the 4.2 µm sample described above with an 
improved mirroring scheme. In this case, one facet was again high reflective coated, 
but the other facet had another high reflective coating applied with a small apertµre 
( ~ 20 µm) in the coating that acted as an output coupler. In this situation we relied 
on the reflectivity (R ~ 19 % at 374.5 nm, see Appendix B) of the GaN-air interface 
to provide the feedback necessary for laser oscillation. In calculating thereflectivity 
(R) of the GaN/air interface at the lasing wavelength (~ 374.5 nm), the following 
equation was used: 
R(>.) = ·1.n(>.) - 112 
n(,\) + 1 (34) 
where the index of refraction for the lasing wavelength, n(374.5 nm), was experi-
mentally obtained (see Appendix B). The high reflectivity in the other regions of 
the output facet acted as a spatial filter, cleaning up the laser emission. The aper~ 
ture allowed emission to escape only if it was amplified along the path defined by 
the aperture. In this situation, the single-mode emission was extremely stable and 
repeatable, even after several months had passed. The data generated by this study 
gave dear evidence of lasing in epitaxially grown GaN films and helped provide the 
motivation to further pursue current injection lasing in GaN based materials. We 
will note in passing that a considerable amount of attention has been, and still is, 
given to 6H-SiC as a substrate for epitaxial group III nitride growth. SiC has the 
advantage of a better lattice match to GaN, better thermal conductivity, ease of 
doping for current injection devices, andis cleavable along the <1120> planes. The 
latter property is extremely desirable for laser diode development in that high quality 
cavity facets can be formed through cleaving and the process is simple compared to 
RIE and mechanical polishing techniques. Although good quality cavity facets could 
be formed by suitable cleaving techniques, this process often induced a myriad of 
cracks along all three of the <1120> SiC planes. These parallel cracks can act as 
internal cavities and severely affect the emission properties of the active layers. For 
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this reason, mechanical polishing techniques were extended to GaN layers grown on 
6H-SiC. 
Stimulated Emission from Highly Excited AlGaN and lnGaN 
Room temperature deep ultraviolet stimulated emission (SE) has been observed 
from optically pumped metalorganic chemical vapor deposition-grown AlxGa1_xN 
thin films. SE has been observed for Al concentrations as high as x = 0.26, with 
a resultant SE wavelength as low as 328 nm at room temperature. The results ob-
tained for the AlxGa1_xN layers a.re compared with lnxGa1_xN layers of comparable 
x values and GaN reference layers. The incorporation of Al into GaN is shown to 
result in AlxGa1_xN layers with similar high excitation density emission behavior as 
GaN, in contrast to lnxGa1_xN layers, which exhibit markedly different SE behav-
ior. The observation of room temperature SE from AlxGa1_xN layers of significant 
Al concentration illustrates the suitability of AlxGa1_xN based structures, not only 
for use in deep ultraviolet detectors, but also as a potential source of deep ultraviolet 
laser radiation. 
The group-III nitrides, consisting of AlN, Gu , InN, and their alloys are at-
tracting a considerable amount of scientific interem. due to their large direct band 
gaps of 6.2, 3.4, and 1.9 eV, respectively, at room temperature (RT) in their wurtzite 
form, making them promising materials for the development of light emitting and 
detecting devices covering a spectral range unmatched in any other semiconductor 
system. In particular, the ternary compound AlxGa1_xN has the potential for use 
in light emitting devices and detectors covering nearly the entire deep ultraviolet 
(UV) region of the spectrum (190 - 350 nm). Applications of deep UV emitters 
and detectors include satellite to satellite communication shielded from Earth-based 
eavesdropping, remote sensing of chemical and biological contaminants, and medical 
applications where a compact, tunable UV laser source will find a myriad of uses, 
both known and presently unrealized. Despite a considerable amount of research 
directed towards AlGaN based UV photodetectors [7], very little research has been 
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conducted towards its use in UV laser diode development. Research conducted to-
wards this end has only been directed at low aluminum content AlGaN layers, whose 
emission wavelengths vary only slightly from that of GaN [60], [61]. We report here 
the observation of RT SE froin optically pumped AlxGa1_xN thin films with x values 
as high as 26 %, putting the SE wavelengths well within the deep UV region of the 
spectrum C328 nm). The recent demonstration of cw blue laser diodes with lifetimes 
in excess of 10;000 hours based on group-III nitride technology [4], combined with the 
observation of RT deep UV SE from AlxGa1_xN reported here, makes the prospects 
of extending laser diode technology into the near and deep ultraviolet region of the 
spectrum using this material system look promising. 
The AlxGa1_iN layers used in this workwere grown by low-pressure metalor-
ganic chemical vapor deposition (MOCVD) on (0001) oriented sapphire at a tem-
perature of 1050 °C. Prior to AlxGa1_xN growth, a thin rv 5 nm·AlN buffer layer 
was deposited on the sapphire at a temperature of 625 °C .. Triethylgallium, triethy-
laluminum, and ammonia were used as precursors in the AlxGa1_xN growth. The 
AlxGa1-xN layer thickness was ,....., 0.8 µm. The lntusGao.82N layer used for compar-
ison was grown by MOCVD at 800 °C on a 1.8 µm thick GaN layer deposited at 
1060 °C on (0001) oriented sapphire. The Incu8Gao.82N layer was 0.1 µm thick and 
was capped by a 0.05 µm GaN layer. 
The AlxGa1_xN layers were optically pumped in an edge emission .ge~metry. 
using the .second harmonic of the deep orange radiation generated by an amplified 
dye laser pumped by the second harmonic of a Q~switched;. injection Seeded Nd: YAG 
C 4 ns pulse width and 10 Hz repetition rate). The deep UV radiation (310 nm) 
from the dye laser was focused to a line on the sample surface using a cylindrical 
lens. The emission was collected from one edge of the sample, coupled into a one 
meter spectrometer, and spectrally analyzed using a UV enhanced, gated CCD. 
Photoluminescence (PL) experiments were performed using the 244 nm line of a 
inter-cavity doubled cw Ar+ laser as an excitation source. PL excitation (PLE) 
experiments were also· carried out using the quasi-monochromatic emission from a 
Xe lamp dispersed by a i meter monochromator as the excitation source. Both 
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the PL and PLE experiments used a PMT in conjunction with a 1 meter double 
spectrometer as a detector. 
Figure 29 shows a low temperature SE spectrum from an Al0.17Gao.83N layer 
superimposed on its low power cw PL peak (dashed line) and its band edge as 
measured by PLE (solid line). We see the spontaneous emission is Stokes shifted 
by approximately 2 nm from the band edge. The decrease in the PLE intensity 
above the band edge is a result of the decreasing intensity of the excitation source at 
these wavelengths. The SE originates at ~ 340 nm at threshold and redshifts with 
increasing excitation density (Iexc). The redshift of approximately 7 nm of the SE 
with respect to the band edge is consistent with the behavior of GaN at elevated 
Iexc· The SE spectrum shown in Fig. 29 was taken with an excitation density twice 
that of the SE threshold (Ith), i.e. lex~ ~ 2 x Ith· 
Figure 30 shows the low temperature SE from an In0.18Ga0.82N layer superim-
posed on its low power cw PL peak (dashed line) and its band edge as measured 
by PLE (solid line) for comparison. The band edge feature is most likely a result of 
spatial inhomogeneity of the indium composition. The SE spectrum was collected 
using the third harmonic (355 nm) of the Q-switched, injection seeded Nd:YAG laser 
as the excitation source. The PL was excited using the 325 nm line of a cw He:Cd 
laser. We see the spontaneous emission is Stokes shifted by more than 7 nm from 
the band edge. The SE originates just below the peak of the spontaneous emission 
(~ 415.5 nm at threshold} and redshifts only slightly with increasing Iexc· The red-
shift of approximately 7 nm of the SE with respect to the band edge may seem to 
be consistent with that of the AlGaN layers, but differences will become clear in the 
following paragraphs. The SE spectrum shown in Fig. 30 was taken with Iexc = 
2 x Ith· 
Figure 31 shows RT emission spectra for (a) the Al0.17Ga0.83N layer described 
above and (b) an Al0.26Ga0.74N layer for several excitation densities below and above 
Ith· The low power cw PL peaks are also overlaid (dashed lines) for reference. The SE 
emerges out of the low energy spontaneous emission wing with increasing optical exci-
tation for both layers. The separation between spontaneous and stimulated emission 
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was measured to be ~ 10.5 and 8.5 nm, respectively, for the x = 0.17. and x = 0.26 
layers. The red shift of the spontaneous emission peaks seen in the nanosecond ex-
citation spectra of Figs. 31(a) and 31(b) compared to the cw spontaneous emission 
peaks is due to re-absorption of the emitted photons as they propagate along the 
excitation path in the edge-emission experiments. The larger shift in Fig. 31(b) 
compared to that in Fig. 31(a) is due to a larger band tail in the x = 0.26 layer 
· compared to the .x = 0.17, a result of increased compositional fluctuations in. the 
AlxGa1_xN layers with increasing Al composition. 
Figure 32 shows the emission intensity ofthe spontaneous and stimulated emis-
sion peaks as a function of Iexc at RT. The spectral regions for the spontaneous and 
stimulated emission are indicated in Fig. 31 as SP and SE, respectively. The sponta-
neous emission is seen to increase approximately linearly with increasing Iexc, while 
SE is seen to increase in a strongly superlinear fashion with increasing Iexc· 
A comparison between the Iexc dependent behavior of these A1xGa1_xN films 
and that of GaN and InGaN films can now be made. We first note that the Stokes 
shift of the SE(~ 7 nm) with respect to the band edge exhibited by the Al0.17Gao.s3N 
. layer at 10 K is consistent with the SE behavior of GaN thin films at elevated tem-
peratures and/or high Iexc (several times Ith), and is attributed to stimulated recom-
bination of an electron-hole plasma (EHP). At low temperatures and Iexc close to 
Ith, GaN stimulates approximately 21 meV (~ 2.1 nm) below the ls A free exci-
ton position, consistent. with an exciton-exciton scattering related gain mechanism 
[28),' [62], [63], as described in the preceding sections. The fact that the AlxGa1-xN 
samples do not exhibit this behavior (and gain mechanism) is not surprising, nor 
expected, considering no excitonic features were observed in the PLE and photore-
flectance spectra of these samples. At elevated temperatures and/ or Iexc several 
times Ith, GaN exhibits a large Stokes shift of the SE compared to the band edge, 
exceeding 90 meV (~ 9.8 nm) near Ith at RT, as described above. In this regime, 
the SE is attributed to stimulated recombination of an EHP and exhibits an I~xc 
dependence on Iexc (IsE ex: I~xc), where /3 ~ 4. We see from Figs. 31 and 32 that 
both AlxGa1_xN samples exhibit a large Stokes shift of the SE with respect to the 
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spontaneous emission (> 8 nm) and a f3 ~ 3.5 dependence of lsE on lexc, consistent 
with the behavior of GaN in the EHP recombination regime. We note that InGaN 
films typically exhibit a large Stokes shift of the SE with respect to the band edge 
but only a slight redshift or even a blueshift with respect to the spontaneous emis-
sion. We also note that results for InGaN layers can vary strongly from sample to 
sample and with different experimental conditions [64), whereas the results for GaN 
and AlxGa1_xN layers are far more consistent from sample to sample. The unique 
. . . 
SE behavior of lnxGa1_xN thin· films is attributed to stimulated recombination of 
carriers localized by large potential fluctuations in the lnxGa1_xN layers due to dif-
ficulties in uniform indium incorporation [64], [65], [66], [67], [68], [69]. We note 
that carrier localization at potential fluctuations is not expected in AlxGa1_xN thin 
films as it is in lnxGa1_xN , as a spatial increase in indium content in an lnxGa1_xN 
. layer will lead to a .potential minimum, while a spatial increase. in aluminum content 
in an AlxGa1_xN layer will result in a potential maximum. We further note that 
incorporation of indium into GaN typically results in a significant decrease in Ith, 
whereas incorporation of aluminum into GaN typically results in an increase in Ith, 
as seen in Fig. 33. 
Figure 33 shows the SE threshold at _10 Kand RT of the AlxGa1_xN samples 
studied here compared to the 4.2 µm GaN layer whose optical properties have been 
reported above and elsewhere [56], [70), [71] and the MOCVD-grown lno.1sGao.s2N 
layer (of comparable alloy concentration to the Al0.17Gao.s3N layer) described above. 
The SE thresholds for the Al;Ga1_xN and lnxGa1_:i:N samples have been normalized 
to the GaN SE threshold at RT(~ 800 kW /cm2) for clarity. All samples were opti-
. . 
cally excited with the same nanosecond excitation source described above. The 10 K 
time-resolved PL (TRPL) effective lifetime of the main PL peak is also included in 
Fig. 33 to further illustrate the differences in the emission behavior of InGaN com-
pared to GaN and AlGaN. Incorporation ofln into GaN is clearly seen to result in a 
significant increase in the TRPL lifetime compared to GaN, as is the incorporation 
of Al into GaN. This is due to suppression of nonradiative channels in the alloys, and 
should aid in the reduction of the SE threshold. Since this trend is shared by both 
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InGaN and.AlGaN, one might expect their SE behavior to follow similar trends, but 
this is clearly seen not to be true. More than an order of magnitude decrease in Ith for 
the InxGa1_:i:N layer compared to the GaN layer is clearly seen, while incorporation 
of Al into GaN is seen to result in an increase in Ith with increasing Al concentration. 
. . . 
The reason for the drastic decrease in Ith for InGaN layers lies in its origin, stim-
ulated recombination of localized states confined by spatial alloy fluctuations, and 
will be further e:xl)lained in Chapter 5 through the use of nondegenerate pump-probe 
spectroscopy. 
In summary, optically pumped SE has . been observed at • .room temperatures 
from MOCVD.:..grown AlxGa1_:i:N films with SE wavelengths as low as 328 nm, 
putting the SE well within the deep UV· region of the spectrum. A comparison 
of the SE behavior· with that of MOCVD-grown GaN and InxGa1_:i:N thin films · 
indicates that EHP recombination is the'domittant gain mechanism.in Al:i:Ga1_:i:N, 
even at 10 K. To the best of our knowledge, this is the shortest room temperature 
SE wavelength ever reported from a semiconductor and illustrates that AlxGa1_xN 
. . . ·. 
based heterostructures have ~n unmatched capability for ~xtending the range of 
semiconductor laser diodes deep into the UV. 
Summary 
In this chapter we have given an overview of the emission properties of highly 
excited group III nitrides. All of the work presented here, with the exceptipn of SE ..... ' ' ' •, . . ,, : . 
from InGaN films,· was the first of its kind reported in the literature. The character~ 
. ization of high temperature SE in GaN films allowed us to unambiguously determine 
the gain mechanism in GaN thin films for temperatures exceeding ,..., 200 K, that of 
. ' . . 
EHP recombination. This study. of the· SE behavior. as a function of temperature · 
also shows a shift in the near threshold gain mechanism in the temperature range 
of 150-200 K. By studying the emission behavior at 10 K, we were then able to 
determine that inelastic exciton-exciton scattering was responsible for the dominant 
gain mechanism near threshold for temperatures from 10 K to ,..., 200 K. Power de-- . 
pendent emission studies using cw, nanosecond, and amplified femtosecond pulses 
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allowed us to access an unprecedented large optical pumping excitation range. The 
results of the authors work on GaN-based quantum wells and separate confinement 
heterostructures have regretfully been omitted from the body of this monograph due 
to space constraints. Interested .readers <;ah firid this work in refs. [72], and [73], as 
. ~ . 
· well as keeping an eye <;>Ut for publication in the near future. 
. ' 
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(a) pump beam 
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substrate em1ss1on 
edge emission geometry 
(b) pump beam 
epilayer 
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surface emission geometry 
Figure 20. Schematic of (a) edge emission and (b) surface emission pumping geome-
tries. The perspective is such that one is looking at one edge of the 
sample along the growth plane. 
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Figure 21. Evolution of band edge ernission from MOCVD-grown GaN with increas-
ing optical excitation at 10 K. The spectra have been normalized and 
displaced for clarity. 
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Figure 22. Evolution of the SE from a 4.2 µm MOCVD-grown GaN layer under 
the conditions of intense femtosecond optical excitation at 10 K. The 
spectra have been scaled for clarity. A new SE peak is seen to emerge 
out of the exciton-exciton scattering peak (P-line) with increasing ex-
citation and is attributed to EHP recombination. 
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Figure 23. SE. threshold as a function of temperature for a 4~2 µm MOCVD~grown 
GaN layer from 10 K to 375 K: A clear. shift in behavior is seen for 
temperatures exceeding,...., 200 K. 
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Figure 24. SE threshold as a. function of temperature over an extended range for GaN 
layers grown by MOCVD on 6H-SiC and (0001) oriented sapphire sub-
strates. The solid lines represent a best fit to the experimental data 
using the emperical formula lth(T) = / 0 exp(T /Tc), yielding character-
istic temperatures of Tc ~ 172 and 173 K for the GaN/sapphire and 
GaN/SiC sample~, respectively, for T > 300 K. Adapted from [63]. 
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Figure 25. SE peak position near Ith as a function of temperature for MOCVD-grown 
GaN layers on 6H-SiC and (0001) oriented sapphire substrates. The 
emission energy of the spontaneous emission is included for clarity. 
From·[63]. 
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as cut 
polished 
Figure 26. SEM micrographs of GaN laser facets before and after mechanical pol-
ishing. The GaN layer is 4.2 µm thick and was grown by MOCVD on 
(0001) oriented sapphire. 
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Figure 27. Comparison of RT lasing spectra from optically pumped GaN layers 
subjected to progressive edge facet treatment: (a) simply cut into bars 
from the sample wafer; (b) facet surface mechanically fine polished; 
( c) external mirrors imposed on the facets. The · samples were of the 
same approximate cavity length ("' 200 µm) and were excited under 
near identical pumping conditions. The spectra have been displaced 
vertically for clarity. 
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Figure 28. RT lasing spectrum of the 4.2 µm GaN layer with mirrored facets. The 
emission linewidth is significantly reduced compared to the spectra of 
Fig. 27. 
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Figure 29. 10 K··PLE, PL (dashed line), and SE spectra of an MOCVD-grown 
Al0.17Gao.s3N thin film. The SE spectrum was taken under the condi-
tions Iexc = 2·Ith· 
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Figure 30. 10 K PLE, PL (dashed line), and SE spectra of an In0.18Gao.82N layer 
grown by MOCVD on (0001) oriented sapphire. The SE spectrum 
was taken under the conditions lexc = 2 · Ith· Note that the horizontal 
scale covers twice that of Fig. 29. 
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Figure 31. Room temperature emission spectra for several excitation densities below 
and above the SE threshold (Ith) for (1) an Alo.11Gao.83N and (b) 
an Alo.26Gao.74N thin film. The low power cw spontaneous emission 
spectra are superimposed for completeness ( dashed lines). The arrows 
indicate the spectral regions referred to in Fig 32. 
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Figure 32. Dependence of emission intensity on excitation density (Iexc) for (a) an 
Alo.11Gao.s3N and (b) an Alo.26Gao.14N thin film at RT. The sponta-
neous (SP) and stimulated (SE) emission spectral positions are indi-
cated by the arrows in Fig. 31. 
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Figure 33. Relative SE thresholds for In0.18Gao.82N, GaN, Alo.11Gao.s3N, and 
Alo.26Gao.14N thin films. The SE thresholds have been normalized 
to that of the GaN film at RT (rv 800 kW/cm2). All samples were 
grown by MOCVD on (0001) oriented sapphire and optically excited 
under the same experimental conditions (Aexc = 310 nm). 
CHAPTER V 
PUMP-PROBE SPECTROSCOPY OF GaN THIN 
FILMS 
In this chapter the results of optical pump:.probe experiments on GaN thin films 
are presented. ·· These experiments were undertaken to gain a better understanding 
of the optical phenomena associated with high carrier concentrations in this mate-
rial system. In particular, the evolution of the near band edge transitions in GaN 
was studied as the number of free carriers was increased by direct band to band 
optical excitation. The experiments were performed under nanosecond optical exci-
tation at excitation densities centered around typical stimulated emission thresholds 
for GaN epitaxial layers. The experiments were undertaken to provide more insight 
into the mechanisms responsible for stimulated emission and optical gain than can 
be extracted from simple optical pumping experiments ( the results of which were 
the subject of the previous chapter). The experiments of this chapter are broken 
down into four basic categories: (1) Single-beam power dependent absorption exper-
iments, (2) Nondegenerate optical pump-probe absorption experiments at zero time 
delay between the pump and prnbe pulses, (3) Nondegenerate optical pump-probe 
reflection experiments performed on thick ( on the order of several µm) GaN layers 
at zero time delay between the pump and probe pulses, and {4) Nondegenerate opti-
cal pump-probe absorption experiments with control of the time delay of the probe 
pulse with respect to the pump pulse. The first is the simplest of the techniques in 
that it is a one beam experiment. The laser beam is passed through the GaN layer 
and spectrally tuned across the near band edge region of interest. The intensity of 
the laser is varied from scan to scan and the evolution of the band edge transitions 
can therefore be monitored as a function of the laser intensity. In this experiment, 
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the transition whose strength is being probed is also being pumped. This allows 
direct determination of the changes induced in the strength of a given transition by 
the excitation of that transition. This experiment will be shown to add valuable 
insight into the behavior observed in the next experiment, nondegenerate optical 
pump-probe spectroscopy. The second of the above mentioned experiments, nonde-
generate optical pump-probe absorption spectroscopy at zero time delay, allows the 
band edge transitions to be monitored as we increase the number of optically excited 
free carriers. This experiment allows us to freely change the excitation photon energy 
(and hence, the excess kinetic energy the photo-excited free carriers possess) and still 
monitor the band edge transitions. In the case of optically thick GaN samples, we 
cannot monitor the band edge transitions in absorption (transmission) experiments, 
so we must do so by monitoring the evolution of the reflection spectra with increas-
ing optical excitation. This experiment is valuable in that it allows us to perform 
pump-probe experiments on GaN layers of a quality that cannot be matched at this 
time by thin (on the order of several tenths of a µm) GaN layers. This also allows 
us to directly compare the strength of a given transition, i.e. excitonic, for various 
exc!tation densities above and below the stimulated emission threshold, in turn pro-:-
viding great insight into the possible mechanisms responsible for optical gain in these 
high quality GaN layers. The next nondegenerate optical pump-probe experimental 
technique allows the probe beam pulse to be delayed with respect to the pump pulse. 
This experiment provides significant insight into the mechanisms responsible for the 
large_ nonlinearities observed in this work. 
The experiments of this chapter are presented in an order that best describes 
the optical characteristics of highly excited GaN, not in the order of their complexity. 
The chapter starts with the results of nondegenerate optical pump-probe absorption 
experiments at zero time delay. It then moves on to the results of nondegenerate op-
tical pump-probe experiments with variable time delay (on the order of nanoseconds) 
between the probe and pump pulses, which help explain the phenomena observed in 
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the previous section. The results of single-beam power dependent absorption exper"'." 
iments are then presented, providing additional insight into the origin of the phe-
nomena observed in the first section. Nondegenerate optical pump-probe reflection 
experiments on optically thick GaN layers are then presented to gauge the strength 
of the excitonic transitions in GaN as the number of free carriers is increased beyond 
that required to achieve stimulated emission. Using reflection techniques provides 
a better estimate of the effects of the intense optical purrip on the strength of the 
exdtonic transitions by minimizing the effects of the pump beam intensity decrease 
as it traverses the sample thickness. The last section is devoted to nondegenerate 
optical pump-probe experiments performed oninGaN thin films. These films exhibit 
markedly different behavior than GaN thin films, helping to explain the differences in 
the stimulated emission characteristics of GaN and InGaNthinfilms. The final sec-
tion of this chapter summarizes the result of all of the sections and draws conclusions 
based on the experimental evidence presented. 
The works presented in this chapter represent the first of their kind in this 
material system. The results of several sections (nondegenerate optical pump-probe 
spectroscopy with time delay and nondegenerate optical pump-probe spectroscopy 
of InGaN thin films) have not been introduced to the group III nitride scientific 
community by the time of this writing. They represent a level of understanding of 
the optical phenomena associated with high carrier concentration in the group III 
nitrides that is absent at this time in said community. The combined results of this 
chapter will be summarizedin print at a suitable time in the near future. 
Nondegenerate Optical Pump-Probe Absorption Spectroscopy 
In this section, the results of nahosecohd non-degenerate optical pump'-probe 
experiments performed on metalorganic chemical vapor deposition (MOCVD) grown 
GaN thin films are presented. Changes in the optical transitions near the band gap 
due to excess photo-generated free carriers were studied as a function of excitation 
density and time delay after pulsed optical excitation at 10 K and room temperature 
using pump-probe spectroscopy. At 10 K, strong; well-resolved features are present 
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in the absorption and reflection spectra corresponding to the ls A and B free exciton 
transitions. These features are shown to broaden and decrease in intensity due to 
the presence of the high densities of photo-excited free carriers generated by the 
pump beam, resulting in extremely large values of induced transparency, exceeding 
4 x 104 cm-1 as the excitation density (Iexc) approaches 3 MW/cm2 • In addition, 
large values of induced absorption are observed with increasing pump density in the 
below-gap region where gain is expected. This induced absorption was also found to 
be extremely large, exceeding4 x 104 cm-1 as Iexc was increased to over 3 MW/cm2 • 
At room temperature the resulting induced transparency and induced absorption 
were found to approach 2 x 104 cm-1 as Iexc approached 3 MW /cm2 . By monitoring 
the evolution of the band edge transitions as a function of time delay after the pump 
pulse, we see the below-gap iriduced absorption is a result of large long-lived band 
gap renormalization. The renormalization is shown to exhibit rise and µecay times 
consistent with trapping of carriers at deep levels in GaN. The results indicate a 
complex relationship exists between induced absorption and gain in GaN and help 
explain the relatively high stimulated emission threshold of GaN compared to other 
wide (direct) band gap semiconductors. The results of this section will also be 
shown (in a later section) to provide a partial explanation for the drastic reduction 
in the stimulated emission threshold that results when indium is incorporated into 
GaN. The large values of induced transparency/absorption observed in this work 
and the fact that excitons have been shown to persist to over 450 K in GaN [21] 
(indicating that the large optical nonlinearities will persist substantially above room 
temperature) suggest the possibility of new opto-electronic applications for the group 
III nitrides. 
Motivation 
GaN and its respective alloys (InGaN and AlGaN) have been attracting an 
ever increasing amount of attention due to their physical hardness, inert nature, and 
large direct band gaps, making them promising materials for UV-Blue-Green light 
emitting devices and detectors [31]. Current technological advances have made high 
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brightness light-emitting diodes (LEDs) and cw laser diodes based on these materials 
a reality [74], [75]. Devices based on these materials have advanced quickly over the 
past several years and now their nonlinear properties are becoming a focus for many 
research groups. Femtosecond four-wave-mixing (FWM) experiments have been used 
to study the dephasing times of the A and B free excitons in GaN [20], [76], and fem-
tosecond pump-probe transient transmission experiments have been used to study 
the ultrafast carrier dynamics in InGaN expitaxial films [77]. Picosecond FWM ex-
periments have shown strong optical nonlinearities below [78] and at the band edge of 
GaN [79]. However, much information about theoptical phenomena associated with 
the high carrier concentrations at which practical devices operatein these materials 
is still unknown. Recently, nanosecond pump-probe transmission experiments have 
shown exciton saturation due to resonant and below resonance optical excitation of 
the excitonic transitions [79]. Nanosecond nondegenerate pump-probe experiments 
with optical excitation above the band gap of GaN have also been reported by the 
. author [71], [80] and have shown large values of induced transparency and induced 
absorption in the band gapregion with increasing optical excitation. A better un-
derstanding of the optical phenomena associated with high carrier concentrations in 
this material system .is important, not only for general physical insight, but also as 
an aid in the design and optimization of practical laser diodes. The magnitude of 
the nonlinearities studied in this work suggest the possibility of new photonic devices 
based on the group III nitrides as optical switches. 
Experimental Technique and.Results 
The GaN samples used in this work were nominally undoped single-crystal 
films grown by MOCVD on (0001) oriented sapphire substrates. Thin AlN buffer 
layers, approximately 50 nm thick, were deposited on the substrate at 775 cc before 
the growth of the GaN epilayers. The GaN layers were then deposited at 1040 cc 
directly on the AlN buffer layers. Non'"degenerate optical pump-probe experiments 
were performed using frequency doubled radiation from a nanosecond dye laser as 
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a UV pumping source and broadband fluorescence from a dye solution as the probe 
source. 
At Zero Time Delay. The experimental system consisted of an amplified dye 
laser pumped by the second harmonic of an injection seeded Nd:YAG laser operat-
ing at 10 Hz. The deep red radiation from the dye laser was frequency doubled in a 
nonlinear crystal to produce the near UV wavelengths used to synchronously pump 
the GaN layers above their band gaps and the laser dye solution. The fluorescence 
from the UV laser dye was collected and focused onto the GaN layer. The broad-
band transmitted probe was thE!n collected and focused on the slits of a 1 meter 
spectrometer and spectrally analyzed using a UV enhanced, gated CCD. The pump 
wavelength was var.ied from 335 nm (3.700 eV) to 350 nm (3.541 eV), but no no-
ticeable differences in the experimE!ntal results were observed for the different pump 
wavelengths. A pump wavelength of 337 nm (3.678 eV) was used for the data pre-
sented in this section. The experimental geometry ensured temporal overlap of the 
pump and probe, as well as the same temporal profiles of the two ( ~ 4 ns FWHM). 
The probe was kept many orders of magnitude lower ( < 200 W /cm2 ) than the pump 
beam to avoid any nonlinearities due to the probe, and its spot size was kept at 
half that of the pump. Special care was taken to monitor the intensity ofthe probe 
and pump (separately) from scan to scan to ensure consistent absorption coefficient 
values and luminescence compensation, when applicable. The sample temperature 
was varied hetween 10 Kand room temperature through the USE! of a closed cycle 
refrigerator. The pump.;probe experimental configuration is illustrated in Fig. 35. 
The experiments were also repeated with a scanned narrowband probe using two 
synchronously pumped dye lasers, yielding consistent results. 
Figure 36(a) shows the 10 K absorption spectra near the band gap for a 0.38 µm 
GaN sample subjected to several different pump power densities. We note here that 
the unpumped absorption spectra agree very well with published cw absorption val-
ues for the same sample, see Fig. 34. Fig. 36(b) shows the measured absorption 
changes with respect to the unpumped spectra, Lla(Iexc) = a(Iexc) - a(O), for the 
pump densities given in Fig. 36(a). Induced transparency (~a negative) in the exci-
tonic region and induced absorption (~<1 positive) in the belo)V-gap region are clearly 
seen with increasing pump density: · Fig. 37(a) shows room temperature absorption 
spectra fo{ several different pump densities; We note that at room temperature, the 
A and B free exd.ton features seen in Fig. 36(a). have broadened and merged into 
. . · . •. . . 
one and the resulting induced transparency with increasing·Iexc is about one third 
that at 10 K. The below-gap induced absorption is ~een in Fig. 37(b) to be approxi-
mately half that at 10 K. The near symmetry between the induced transparency and 
induced absorption seen in Fig: 36(b) · and Fig. 37(b) appears to be coincidental. 
For pump densities greater than "" 3 MW I cm2' the induced. transparency changes 
very little while the induced absorption ce>ritinu~s to grow with increasing Iexc· The 
origin of the below.c:gdp induced absorptionis under continuing investigation (see the . 
next section), but the results of the experiments presented here .indicate that it is 
. . 
not due to defects at the GaN-sapphire interface, · lattice heating, or excited state 
absorption. Its presence has been confirmed in a variety of GaN layers of varying 
thickn~ss , indicating that it is a basic property of state-of-th&art GaN thin films . .It 
is, therefore, deserving of further study. The decrease in the free exciton absorption 
with increasing Iexc is attributed to many body effects, such as exciton screening 
by free carriers, causing a diminution of their oscillator strength [8]. We note that 
although the exciton resonances decrease with increasing Iexc, their positions remain 
relatively 1.mcharige~. This is due to the decrease in the exciton binding en~rgy being 
compensated by the red shift of the band edge due to band gap renormalization and 
is consistent with observations in ot};l.ef materials [8]. For clarity, the dependence of 
the induced transparency/ absorption on Iexc for several wavelengths of interest are 
given in Fig. 38. We note that thesE) samples are still optically thick ( aL ~ 4 for 
the pump wavelength and sample thickness, L -:-. 0.38 µm, used in this study), so the 
pump intensity is appreciably diminished as it .traverses the sample thickness. Ther& 
fore, the resulting values of ~a presented here are lower limit values of the actual 
change with pump density. A better gauge of the change in the oscillator strength 
of the excitonic transitions for a given Iexc (i.e. the SE threshold) is provided by 
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pump densities given in Fig. 36(a). Induced transparency (Lia negative) in the exci-
tonic region and induced absorption (Lia positive) i.n the below-gap region are clearly 
seen with increasing pump density. Fig. 37(a) shows room temperature absorption 
spectra for several different pump densities. We note that at room temperature, the 
A and B free exciton features seen in Fig. 36(a) have broadened arid merged into 
one and the resulting induced transparency with increasing Iexc is about one third 
· that at 10 K. The below-gap induced absorption is ~een in Fig. 37(b) to be approxi-
mately half that at 10 K. The near symm~try between the. induced transparency and 
. . . . . ' . 
' ' . 
· induced absorption seen. in· Fig'. 36(b) and Fig. 37(b) appears to be coincidental. 
' . ' . . . . . 
For pump densities greater than· rv 3 MW /cm.2 , the· induced transparency changes 
very little while the induced absorptio~ · coriti~ues to grow with increasing Iexc· The 
origin of the below.;;gap induced absorption is lllider conti~uing investigation (see the 
next section), but the results ofthe expe;iments presented her~ indicate th~t it is 
not due to defects at the GaN-sapphire interface, lattice heating, or excited state 
absorption. Its presence has been confirmed in a variety of GaN layers of varying 
. ' . 
thickness, indicating that it is a basic proper.ty of st~te-of-the-art GaN thin films: It 
is, therefore, deserving of further study. The decrease in the free exciton absorption 
with increasing Iexc is attributed to many body effects, such as exciton screening 
by free carriers, causing a diminution of their oscillator strength [8]. We note that 
although the exciton resonances decrease with increasing Iexc, their positions remain 
relatively µnchan:ged. This is due to the decrease in the exciton binding epergy being 
\ . . ' ·.• 
compensated by the red shift of the band edge due to band gap ren~rmalization and 
,, 
• is consistent with observations in other materials [8]. For clarity, the dependence of 
the induced transparency/ absorption·· on Iexc · for s~veral w~velengths of interest are 
given in Fig. 38. We note that these samples. are still optically thick ( aL ~ 4 for . ' . . . . 
the pump wavelength and sample thickness, L:;:: 0.38 µm, used in this study), so the 
pump intensity is appreciably diminished as it.traverses the sample thickness. There-
' . . . . 
fore, the resulting values of Lia presented here are lower .limit values of the actual . 
change with pump density. · A better gauge of the change in the oscillator strength 
of the excitonic transitions for a given Iexc. ( i.e. the SE threshold) is provided by 
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nondegenerate optical pump-probe reflection experiments 6n optically thick ( on the 
order of several µm) GaN layers. This is the subject of a following section and will 
not be described here. 
For the cases of the relatively thin ( < 0.4 µm) samples used in the above study, 
as the pump density is increased, there is the possibility that the GaN-sapphire in-
terface of the sample may contribute, under high excitation, to the observed induced 
absorption due to the presence of a high density of defects and resultant electronic 
states resulting from the large lattice mismatch between the GaN and the sapphire 
substrate. In order to clarify the role of the GaN-sapphire interface in these ex-
periments, the experiments were repeated on a high quality thick ( 4.2 µm) GaN 
sample whose optical properties have been previously reported [56), [70), [81], [49). 
While the thickness of the sample precluded the ability to observe excitonic. features 
in transmission experiments., it did allow monitoring of the below-gap absorption 
changes. Due to the finite penetration depth of the pump beam, only a thin layer 
of the entire sample thickness was heavily pumped. This was used to study the role · 
of the interface states on the induced absorption. First, the substrate side of the 
sample was pumped and probed. The resulting (below-gap) absorption changes were 
then compared to the thin sample case for the same experimental conditions. In 
this configuration, only a thin region ( < 0.4 µm) at the GaN-sapphire interface was 
heavily pumped, maximizing the role of interface states. The experiment was then 
repeated, except pumping the front surface of the thick sample, and again compared 
to the thin sample case for the same experimental conditions. This configuration 
ensured that a negligible amount of interface states were pumped. The results all 
showed consistently the same induced absorption, qualitatively and quantitatively 
( when the penetration depth of the pump beam was taken into consideration in the 
calculations of ~a). Since there is a negligible amount. of the pump beam reach-
ing the GaN-sapphire interface in the second part of the experiment, the possibility 
of interface states being the origin if the induced below-gap absorption changes is 
remote. 
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Another possible origin of the below-gap induced absorption is lattice heating. 
Since the pump wavelength exceeds the band gap energy, some lattice heating due 
to the transfer of energy from the photo-generated hot electrons to the lattice is 
expected. The amount of this heating was estimated to see if the below-gap induced 
absorption could be attributed to lattice heating. This was done by first comparing 
the pump-probe absorption spectra at 10 K to the cw absorption spectra for the 
same sample at different temperatures (see Fig. 34) [21]. It was found that a lattice 
temperature rise of > 250 K is needed to account for the increased absorption below 
the band gap for a pump power density of 5 MW/cm2 . The spontaneous emission 
emitted from the surface of the sample was then collected for the pump densities of 
interest, andits spectral redshift with increasing pump density was used to estimate 
the upper limit of the lattice temperature rise we can expect due to the presence of the 
· pump beam. This estimate was made by comparing the redshift due to pump power 
to the redshift observed in cw photoluminescence experiments (for the same sample) 
as the temperature is .increased from 10 K [70]. At a pump density of 5 MW /cm2 , 
we observe a redshift of ~ 15 me V in the pulsed spontaneous emission with respect 
to the A exciton transition measured in cw photoluminescence experiments. Even if 
we. assume this redshift is due entirely. to lattice heating · ( neglecting all many body 
effects such as band gap renormalization), we find that this shift can, at maximum, 
only account for less than a 135 K increase in the lattice temperature, well below 
that needed to account for the increased below-gap absorption. Another possibility 
lies in the present crystalline quality of GaN epitaxial film. It is well known that 
GaN epitaxial films contain a multitude of crystalline defects [82], [83]. There is a 
possibility that these defects and resultant deep levels in the crystal are a contributing 
factor to the observed induced absorption. Other possibilities are the presence of two-
photon or excited state absorption. Due to the relatively narrow spectral width of 
the induced absorption, the possibility of excited state absorption being the cause of 
the below-gap induced absorption seems remote. 
The large values of induced transparency and induced absorption observed in 
this work, and the fact that excitons have been shown to persist in GaN epilayers 
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well above room temperature (see Fig. 34) [21] (indicating that the large optical 
nonlinearities observed here will persist to well above room temperature), suggest 
that these materials may be well suited for optical switching applications. This 
switching behavior is illustrated in Fig. 39, where the broadband probe has been 
replaced by a second dye laser tuned to the maximum of the induced absorption, Fig. 
39(a), and transparency, Fig. 39(b), at room temperature. The large· values of .6.a 
are clearly evidenced in the transmitted probe beam as the pump beam is turned on 
and off. The changes in transmission due to the pump beam agree well with the .6.a 
values measured in the broadband probe experiments. 
At Non-Zero Time Delay. The previous section showed that in addition to the 
expected exciton screening with increasing free canier concentration the emergence 
of significant below-gap induced absorption in the spectral region optical gain was 
expected. The below"-gap induced absorption was shown to exceed 4 x 104 cm-1 at 
10 K and 2 x 104 cm-1 at room temperature. Its presence could not be explained 
in terms of lattice heating, two-photon absorption, or excited state absorption. It 
' ' ' 
was observed in optically thick samples as well as thin, eliminating the possible role 
of GaN-sapphire interface states in the process and illustrating that it is a common 
property of state-of-the-art GaNfilms. To better understand this behavior and shed 
light on its origin, the probe pulse was delayed with respect to the pump pulse in 
the previous experiments, allowing the time evolution ( on nanosecond time scales) 
of the below-gap induced absorption to be studied. 
The experimental system consisted of .. two independent dye laser systems 
pumped by the second harmonics of separate Q,..switched Nd:YAG lasers. The deep 
red radiation from one of the tunable dye lasers. was frequency doubled in a nonlinear 
crystal to provide the near to deep UVwavelengths needed to optically excite the 
GaN layers above. their fundamental band gap. The red-orange radiation from the 
other dye laser was also frequency doubled in a nonlinear crystal to.generate the deep 
UV wavelengths needed to pump the dye solution. The near UV broadband fluores-
cence from the dye solution was collected and focused coincidental (spatially) with 
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the pump beam on the sample surface. The transmitted broadband probe beam wa'3 
collected, coupled into a 1/4 meter spectrometer, and spectrally analyzed using a UV/ 
enhanced, gated CCD. The two dye laser systems were temporally locked together 
electronically and a digital delay generatorallowed the temporal delay between the 
two to be precisely varied. .A temporal jitter between the pump and probe pulses 
better than 0.5 ns wasachieved through creative use of various signal and delay gen-
erators in the process of slaving one Nd:YAG laser to the other. This experimental 
system provided significant advantages · over the previous system in that the laser 
wavelengths used to pump the sample and the dye solution were now independently 
variable, allowing optimization of the experimental conditions. The probe intensity 
· was again kept· many orders of magnitude lower than the pump intensity and its 
spot size was kept at approximately 1/2 that of the pump. A pump wavelength 
of 330 nm (3.756 eV} was used inthese experiments. The temperature was varied 
between 10 K and room temperature through the use of a closed cycle refrigerator. 
The experimental setup is illustrated in Fig. 40. Both the pump and probe pulses 
had durations of approximately 4 ns FWHM. the zero of the delay was precisely 
set using a fast photodiode placed at the sample position and a 1 GHz digital signal 
analyzer (Tektronix DSA 601). The delay was controlled by a digital delay generator 
with a better than 10 picosecond resolution for delays from 10 picoseconds to over 
one second (Stanford Research Systems DG535). 
The first thing observed from this experiment is that the below-gap induced 
absorption is due to a shift in the GaN band gap to lower energies. This is shown in 
Fig. 41. The barid gap is seen to go through a t:ransformation during the pump pulse 
duration, finally reaching a maximum change .at a delay of about 5 ns of the probe 
with respect to the pump pulse. At this time, the excitonic features that disappeared 
during the pump pulse duration reappear at a lower energy. The fact that the ls 
A and B free excitonic transitions cannot be distinguished in the spectra of Fig. 41 
is a result of limited resolution afforded by the use of the 1/4 meter spectrometer 
and is not due to the changes in the sample itself over what was observed in the 
previous section. The spectral positions of these transitions are marked in Fig. 41 
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for completeness. The slight spectral shift in their spectral position with respect to 
the data presented in the previous section is a result of different residual strain in 
different areas of this sample ( see Chapter 3). An interesting feature of the spectra 
shown in Fig. 41 is the drastic reduction of the excitonic features in the - 2 ns delay 
spectrum. This reduction is comparable to that observed in the zero time delay 
spectrum. The pump density at - 2 ns .is by definition approximately 1/2 that at 
zero delay. This indicates the pump density at which excitons are effectively screened 
by free carriers is significantly lower than was previously indicated in the zero time 
delay experiments. · A considerable amount of below-gap induced absorption is seen 
even in the - 2 ns delay spectrum. · An interesting feature of Fig. 41 is that the 
below-gap induced absorption builds up with increasing delay after the peak of the 
pump pulse, reaching a maximum approximately 5 ns after the peak of the pump 
pulse. This was observed for all pump densities· employed and at both 10 K and 
room temperature. This is significant in that it provides the following picture for gain 
development in GaN tliin films: Stimulated emission and gain develop on the leading 
edge of the pump pulse. As the pump pulse continues in duration, gain continues 
to increase with the increase in the pump pulse. At the· same time, the below-gap 
induced absorption starts to grow. This leads to two competing effects in the below-
gap region as the pump pulse continues: induced gain and induced absorption. The 
induced absorption quickly exceeds the gain and results in only the observation of 
induced absorption in the probe spectra. This indicates that the stimulated emission 
threshold of GaN .measured in nanosecond experiments· significantly overestimates 
the excitationdensity needed to achieve population inversion and optical gain. This 
will be shown in a later section to partly explain the significant reduction of the SE 
threshold observed for InGaN thin films compared to GaN. 
The evolution of the band edge for longer delays is shown in Fig. 42. For delays 
longer than 5 ns the band edge slowly returns to its pre-pumped position, finally 
recovering after approximately 100 ns. It is clear from the spectra in Fig. 42 that 
as the band edge recovers the excitonic resonances also decrease in linewidth. This 
behavior mimics what is observed in absorption measurements as the temperature 
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is increased (see Fig. 34), but it will be shown that this behavior is not consistent 
with lattice heating caused by the intense optical pump. The shift of the band 
edge to lower energy results in extremely large values of induced absorption in the 
below-gap spectral region, nearly doubling at 5 ns what was previously observed 
at zero time delay. This is shown in Fig. 43. It is noted here that this behavior 
would make an even more effective optical switch than was previously thought (see 
the preceding section). It is clear from Fig. 43 that the near symmetry between the 
induced transparency and absorption observed at zero time delay in the previous 
section is lost as the probe is delayed withrespect to the pump. The same behavior 
is observed at room temperature, as illustrated in Figs. 44 and 45. Of particular 
interest to optical switching applications is the enhanced induced absorption for a 
5 ns delay compared to the previously observed behavior at zero time delay, resulting 
in a 3 fold increase in the value for ~a and a 3. fold reduction in the transmitted 
light in this spectral region (from approximately 56% to 18% at 3.41 eV). At room 
temperature the band edge takes longer than 100 ns to completely shift back to its 
pre-pumped position. 
In order to descri.be the shift in the band edge for various pump densities and 
probe delays, the effective lattice temperature rise (Tef 1 - T 0 , where T O is the ambient 
temperature) required to shift the band edge the given amount was calculated. This 
was done using the Varshni equation (84]: 
aT2 
E(T) - E(T = 0) - (/3 + T) (35) 
and the best fit values (a = 11.8 x 10-4 eV /K, {3 = 1414 K) from ref. [21) for the 
same GaN thin film. The calculated values for Teff are shown in Figs. 46 and 47 
relative to the ambient temperature at 10 K and room temperature for various ex-
citation densities. At 10 K, Teff drops off nearly exponentially for delays less than 
about 40 ns, with decay times on the order of 40 ns for lexc = 0.75 MW /cm2 , up to 
approximately 90 ns for lexc = 3 MW/ cm2 • For delays longer than approximately 
40 ns, Teff exhibits nonexponential decay. At room temperature, Teff decays nonex-
ponentially for all delay ranges and excitation densities, with typical recovery times 
87 
on the order of 140 ns. It is interesting to note that the maximum values for Teff 
( at 5 ns delay) have a sublinear dependence on Iexc at both lOK and room temper-
ature (see the insets of Figs. 46 and 47). In fact, if the OK rise in Teff for lexc = 0 
is included in the plot, the rise in Teff - T 0 with increasing lexc is seen to exhibit 
saturation behavior. I point out here that while Te// is being used as a parameter 
to describe the shift in the band edge with increasing lexc and for various delays, I 
am not ascribing. the behavior to lattice heating. The 5 ns rise time, the recovery 
time (on the order of 50 to 100 ns), and the saturation behavior of Teti - T0 with 
increasing lexc suggests a different mechanism for the observed band edge shift. 
A well known property of epitaxial GaN films is the presence of a large density 
of dislocations and other structural defects induced by the large lattice mismatch 
between the {sapphire) substrate and the Ga.N layer as well as their differences in 
thermal expansion coefficients. In addition, the presence of a large concentration of 
deep levels of (presently)· unknown origin exist in this material. These levels give rise 
to the so-called "yellow-band" luminescence (YBL) that is commonly observed when 
GaN is excited above its fundamental band gap. The strength of the. YBL compared 
to the band edge luminescence was found to be strong function of the growth 
conditions. Samples with the strongest band edge luminescence were typically found 
to exhibit the least YBL. It was observed by the author that a reduction in the YBL 
from a GaN layer typically was accompanied by a relative reduction in the stimulated 
emission threshold. The large concentration of these deep levels responsible for YBL 
is evidenced by the experiments of Taheri et al. [78), where strong laser induced 
grating production was achieved via two-step single photon absorption of 532 nm 
(2.33 eV) laser radiation, promoting electrons from the valence band of GaN to the 
conduction band. The deep levels in GaN provided the mid-gap states required for 
this process, The large magnitude of the nonlinearities observed in these experiments 
provides evidence for a considerable concentration of these mid-gap states. Strong 
band edge (UV) luminescence was also observed in nanosecond optical pumping 
experiments with 532 nm radiation performed by the author. In the nanosecond 
experiments, the excitation densities required to observe this luminescence were very 
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close to the damage threshold of GaN, so a detailed study was not possible at that 
time. This difficulty would most likely be overcome by using optical pulses with 
shorter duration to substantially increase the damage threshold. The observation of 
this luminescence also illustrates the .potentially large concentration of these deep 
levels. 
Considering the above observations, a picture emerges for a possible origin of 
the band edge shift observed in nanosecond optical pump-probe experiments. During 
. the pump pulse duration, the photo-generated free carriers quickly ( on the order of 
a couple hundred picoseconds, · or less) relax to deep levels in the crystal. These deep 
levels are known to radiatively recombine (giving rise to YBL) with effective.lifetimes 
on the order of hundreds of nanoseconds. These deep levels effectively screen the ex-
citons and lead to the observed reduction in the b~d gap~ similar to what has been 
. . 
observed in indirect gap semiconductors while monitoring the direct gap excitoilic 
transitions in nondegenerate optical pump-probe experiments . [85]. This screening 
and band gap reduction decreases as the carriers trapped at these deep levels recom- · 
bine. This sceriario qualitatively explains theexperimentally observed phenomena. 
The near zero time delay behavior is then seen to be a competition between com-
: . . . . . 
monly observed changes in the band gap of semiconductors with increasing .optical 
excitation, such as exciton Screening by free carriers, band gap renormalization, and 
formation of optical gain, and the Screening behavior described above resulting from 
carriers trapped at deep le~els. The later, dominates after the pump pulse duration 
' . . . :·· . . '. . . 
(free carriers in GaN recombine on the order of tens of picoseconds) and decays as 
the trapped carriers recombine (on the orfier of hundreds of nanoseconds). 
In summary, the results of nondegenerate optical pump-probe 1;1bsorption ex-
• , ',. C • • • 
periments with variable delay between the pump ~d probe puls~s has been presented 
. for GaN thin films. The below.,.gap induced absorption observed in the zero delay ex-
periments of the previous section was shown to be due to a large shift in the band gap 
to lower energy. This shift was observed to be at a maximum within one nanosecond 
after the end of the pump pulse. The band gap was shown to return to its pre-pumped 
position on time scales on the order of 100 ns at 10 K and room temperature. The 
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below-gap induced absorption at 5 ns delay of the probe with respect to the pump 
was shown to be considerably larger ( over three times larger at room temperature) 
than was previously observed at zero time delay. The large magnitude ofthis induced 
absorption makes optical switching and optical bistability applications for GaN look 
promising. In addition, effective screeniilg of excitons was observed to occur on the 
leading edge of the pump pulse, indicating the pump (carrier) densities required 
to effectively screen excitons are considerably less than was previously estimated in 
the zero time delay nondegenerate optical pump-probe experiments. The long-lived 
shift in the band gap due to the pump beam is tentatively attributed to screening 
by carriers trapped at deep levels, in analogy to changes observed in the direct gap 
transitions of indirect gap semiconductorsin this type of experiment. This will, of 
course, need to be confirmed by theoretical calculations and further experiments, the 
subjects of whichare beyond the scope of present knowledge of this material and the 
contents of this monograph. The results presented here suggest that induced absorp-
tion and gain competition exists in the below-gap spectral region of highly excited 
· GaN. This indicates that the high stimulated emission threshold of GaN can, in part, 
be attributed to this competition, with gain being overcome by induced absorption 
on the leading edge of our nanosecond pump pulses. The magnitude of the observed 
shift in the band gap is expected to be a strong function of the density of these deep 
levels. As such, the necessity for minimizing (maximizing) these deep levels is clear 
for the· development of GaN based UV laser diodes ( optical switches). 
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Figure 34. Absorption spectra of a 0.38 µm GaN .film near the fundamental band gap 
as a function of temperature. The A,.B, and C free exciton positions 
(marked by arrows) are clearly seen inthe 10 K spectrum. The exci-
tonic features are seen to broaden and merge together with increasing 
temperature, but are still evident in the 450 K spectrum. Adapted 
from ref [21). 
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Figure 35. Nanosecond nondegenerate optical pump;..probeabsorption setup for zero 
time delay between the pump and probe pulses, SHG, ND, BS, and 
PD refer to second harmonic generator, neutral density, beam splitter, 
and photodiode, respectively. 
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Figure 36. (a) 10 K absorption spectra as a function of Iexc for a 0.38 µm thick GaN 
layer grown by lylOCVD on (0001) oriented sapphire. {b) Change in 
absorption spectra as a function oflexc, ~a{Iexc) = a:(Iexc) - a:(O), for 
the spectra in (a). The A and B free exciton transitions are clearly seen 
in the unpumped spectrum. Complete exciton saturation is seen for 
lexc approaching 3 MW/ cm2 . Induced transparency in the excitonic 
region and induced absorption in the below~gap region are clearly seen 
with increasing lexc· 
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Figure 37. (a) RT absorption spectra as a function of Iexc for a 0.38 µm thick GaN 
layer grown by MOCVD on (0001) oriented sapphire. {b) Change in 
absorption spectra as a function of Iexc, ~a(Iexc) = a(Iexc) - a(O), 
for the spectra in (a). The A and B free exciton .transitions have 
broadened and merged into one feature in the RT spectra. Complete 
exciton saturation is seen for Iexc approaching 3 MW/ cm2 • Induced 
transparency in the excitonic region and induced absorpion in the 
below-gap region are clearly seen with increasing Iexc· 
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· Figure 39. RT transmission values of a second laser beam tuned to the maximum of 
the induced absorpion (a) and transparency (b) for the pump beam 
off, on, and off again, illustrating the potential of GaN as an optical 
switch. The GaN thickness is 0.38 µm, and the pump densities are 
~ 1 MW/ cm2 and ~ 3 MW /cm2 for (a) and (b), respectively. 
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Figure 40. Nanosecond nondegenerate optical pump-probe absorption setup with 
electronically controlled time delay between the pump and probe 
pulses. SHG,. ND, BS, and PD refer to second harmonic generator, 
neutral density, beam splitter, and photodiode, respectively. 
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Figure 41. 10 K absorption spectra of a 0.38 µrr1thick GaN layer near the funda-
mental band gap as .. a function···of time delay across the pump pulse 
duration. The ls A and B free exciton transition energies are indicated 
for completeness. The spectra show a clear shift in the band gap to 
lower energy with increasing time delay of the probe across the pump 
pulse duration. 
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Figure 42. 10 K absorption spectra of a 0.38 µm thick GaN layer near the funda-
mental band·. gap as a function of time delay after the pump pulse. 
The spectra show clear excitonic features that narrow as the band gap 
returns to its pre-pumped position with increasing delay time. The 
band gap is seen · to almost· completely . recover within 85 ns after the 
pump pulse. 
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Figure 43. 10 K differential absorption spectra of a 0.38 µm thick GaN layer near 
the fundamental band gap as aJunction of time delay after the pump 
pulse. The spectra at 5 - 15 ns delay show clear enhancement of the 
below-gap induced absorption compared to the undelayed spectrum. 
L\a(l~c) = a(lexc) - a(O). 
· · · · · · 0 ns 
-· ·· 5ns 
-- 10ns 
I 20 ns 
,} 50 n~ 
--· 90ns 
RT 
en - - unpumped 
:!: 
C: 
::s 
-e 
cu -
3.34 
lexc = 3 MW/cm2 
0.38 µm GaN/sapphire 
3.38 3.42 3.46 3.50 
Photon energy (eV) 
100 
Figure 44. Room temperature absorption spectra of a 0.38 µm thick GaN layer 
near the fundamental· band gap as a function of time delay after the 
pump pulse. The spectra show clear excitonic features that narrow as 
the band gap returns to its pre-pumped position with increasing delay 
time. The band gap is seen to take longer than 90 ns to recover to its 
pre-pumped position. · 
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Figure 45. Room temperature differential absorption .spectra of a 0.38 µm thick 
GaN layer near the fundamental band gap as a function of time· de-
lay after the pump .pulse. The time delayed spectra show clear en-
hancement of the below-gap induced absorption compared to the un-
delayed spectrum, while the induced transparency in the excitonic 
region is seen to be significantly reduced in the time delayed spectra. 
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Figure 46. Effective temperature rise in a 0.38µm GaNJilm (Teff- T 0 ) at T 0 = 10 K 
induced by a strong opticalpumpas a function of time delay after the 
pump pulse. Teff was calculated using the Varshni equation and the 
Spectral position of the ls B exciton as a function of delay and exci-
tation density (Iexc). The Varshni equation fitting parameters (a, /3) 
were obtained from cw absorption experiments performed on the same 
sample. The inset shows the maximum effective lattice temperature 
rise ( at 5 ns delay) as a function of lexc· The lines are given only .as 
guides for. the eye. 
Figurt:: 47. 
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Effective lattice temperature rise in a 0.38 µm GaN film (Te// _iTo) at 
TO = 300 K induced by a strong optical pump as a function of time 
delay after the· pump pulse. Te// was calculated using the Varshni 
equation and the spectral · position of the ls B exciton as a function 
of delay-·and excitation ·de:iisity (Ie3:~). ·The Varshni equation fitting 
parameters (a; {3) were obtained from cw absorption experiments per-
. formed on the same sample. The inset shows the maximuni effective 
lattice temperature rise (at 5 ns delay) as a function of Ie:i:c· The lines 
are given only as guides for the eye. 
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Single-Beam Power Dependent Absorption Spectroscopy 
Motivation 
In this section the results o,f·single-bearn power dependent absorption experi-
. . 
ments on GaN thin films are presented. The experiments ~ere performed to better 
. ' . ' • I 
· understand the results ofthe nondeg~nerafe optical pump-probe experiments de-
. . 
scribed above. They differ from the pump-probe experiments in that the excitation . . ' ' . 
photon energy is also the photon energy of the transition being "probed", making 
. . . . '• '; 
this, in a sense, a form of degenerate pump-probe spectroscopy. From these experi-
. . . . . . . . . 
ments we obtain a.better understanding of how the transition being excited is affected 
' by the excitation, i.e. how an excitmlic resonance decreases with increasing optical 
. excitation of the res~nance. Th~ single-.bea.ni ~xperiments provide complimentary in-
formation to the nondegenerate pump-p;obe eJq?erinients, where the probe was used 
to monitor the band· edge transitions as the .. number of photo-excited free carriers 
was increased by above-gap optical excitation. 
Experimental Technique and Results· 
The single-beam power dependent absorption experiments were performed us-
ing the second harmonic of the deep red radiation generated by a dye laser pumped by 
the second harmonic of an injection seeded N'd:YAG laser (4 ns FWHM pulse width, 
10 Hz Tep~tition Tate). T~e phase matching·angle for. second .harmonic generation 
was maintained u~ing an auta,.tracking unit;,~· the dye.laser emission wavelength 
was scanned across the GaN band edge.· The· intensity bf the transmitted beam 
through the sampl~ was measured ysing, a photocliode ancl ,a boxcar integrator. The 
transmitted signal was compared, directly with a split-off portion,, of the beam not 
passing through the sample· to obtain the absorption spectra. The intensity of the · 
beams was controlled using UV neutral de~ity filters. The single-beam absorption 
experimental configuration is illustrated in Fig. 48. 
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The results of the single-beam power dependent absorption experiments are 
shown in Fig; 49(a) and Fig~ 49(b) for the 0.38 µm GaN sample used in the pump-
.. probe experiments described above. No noticeable change in the 10 K absorption 
. . . . 
spectrum was observed with increasi~g excitation density (Iexc) until Iexc exceeded 
densities on the order of 100 kW/c;m2. We note that the changes in absorption·in 
. . 
•, . . . . 
the excitonic region are qualitatively consistent with those observed in the pump-
probe experiments, but the below"'.gap induced absorption is, for the most part, 
. . 
· absent. The ma~nitude of the induced transparency in the exciton region is seen to be 
enhanced in the single-beam experiments com~ared to the pump:..~robe experiments 
for comparable excitation densities. The de~reased value of Iexc needed to bleach 
the excitonic transitions a given amount in the single-beam experiments compared 
. . . . 
to the puml):"probe experiment is attributed to enhanced exciton-exciton scattering 
for the resonant ~xcitation iri the single-beam experiments. The. drastic reduction in 
·. the below-gap induced. absorption indicates that the states responsible for it cannot 
be directly created by below~gap excitation, i.e. the states have to first be created 
by the above-gap excitation of the pump beam .. This also exp~ains the observed 
. . 
differences between Aa_ for the A exciton region ahd the B exciton region seen in 
Fig. 36(b). In Fig. 49(b) we see the magnitudes of Aa for the A and B exciton 
regions to be approximately equal in magnitude, while in Fig. 36(b), Aa in the A 
exciton region is seen to be approximately half that of the B exciton. Comparing the 
results in Fig. 49(b) to Fig. 36(b), we se~ this is most likely due to a superposition of 
induced transparency and induced absorption in the A exciton region of Fig. 36(b). 
Summary 
From the single-beam. power dependent .absorption experiments described 
. above we gain another valuable' piece of information concerning the origin of the 
below-gap induced absorption observed in the nondegenerate optical pump-probe 
experiments. This is that the states responsible for the below-gap induced absorp-
tion must first be created· by above-gap excitati.on and cannot be created by photons 
of energy less than the fundamental band gap. This is consistent with the concept 
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that relaxation of free carriers to deep levels in the crystal leads to the below~gap 
induced absorption. The effective absorption cross sections of these deep levels are 
considerably smaller than· those of the band edge transitions, precluding the ability 
to directly populate them to sufficient levels with below-gap optical excitation. 
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Figure 48. Singl&beam power dependent absorption experimental setup. The phase 
matching condition in the .second harmonic generating crystal is main-
tained by the Aµto-T.racking unit .as the dy~ laser is tuned. SHG, ND, 
BS, and PD refer to second harmonic generator; neutral density, beam 
splitter, and· photodiode, respectiv~ly. 
.·...-... 
. Photon. Energy (eV) 
3.35 . · 3AO . 3.45 . 3.50 3.55 1 :5 ............ ..,..._,.....,....,...,......--,.-.--,-._......., ___ ............. 
(a) 
~E 1.0 
·o 
0 
. .,... 
··~ 0.5 
~ 0.003 MW/cm2 . 
· • ~ • · 0.3 MW/cm2 
· ·-· · - 0.6 MW/cm2 
.-· -· ~ 3 MW/err{:· . 
10K. 
0.0 
1 (b} 10 K 
. . /'. ~ 
...-... 0 ~~f\ //:"f'; 
""" ~ ,: ;. . I 
E -1 ~ I . 
}~/ 0 v -2 0 ......... 0.3 MW/cm2 :or- -3 - ~ 0.6 MW/cm2 ......... 
~ 
-4 -· 3MW/cm2 :f\j -<:] 
. ~· . 
-5 
-6 -. ..... ......... .................. -+--'-.................................................. .......... 
3.35 .. · 3:40 3.45 3~50 . . 3.55 
· .Photon Energy (e:V) 
108 
Figure 49. (a) lff K single-beam power dependent absorption spectra for a 0.38 µm 
GaN thin film grown by MOCVD ori (0001) oriented sapphire .. (b) 
Change in absorption, ~a:(Ie:i:c} = a:(Ie:i:c) - a:(0), for the spectra in. 
(a). The ls A and B free exciton transitions are indicated in (a). 
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N ondegenerate Optical Pump-Probe· Reflection Spectroscopy 
Motivation 
In this section the results of nanosecond non-degenerate optical pump-probe 
reflection experiments on GaN thin films are presented. These experiments were 
performed because the GaN thin films' used in the pump-probe absorptionexperi-
. . . . . 
ments presented above are, in.fact, optically thick ( aL ~ 4 for the pump wavelength 
and sample thic~ess, L ·. 0.38 µm, ~edin those studies), so the pump intensity is 
appreciably diminished as it traverses the sample thickness. Therefore, the result.:. 
ing values· measured for ~a. are lower limit values of the actual change with pump 
density. This cannot be avoided, .as tli,e samples ~ed in those studies represent the 
highest· quality thin films· available at this time. . Preserit efforts· are underway to 
obtain thin ( ~ 1 µm) GaN layers sandwiched between .Al0.08Gao.92N layers in hopes 
of obtaining high quality Ga:N layers of lesser thickness in which to perform addi-
tional pump-probe experiments. Since these samples are not presently available, we 
have switched geometry from transmission to reflection to allow us to perform ex-
periments on high quality thick GaN layers. A more precise measure of the influence 
of the pump density on the oscillator strength of the excitons is achieved through 
optical pump..:probe reflection measurements. In these measwements, only a thin 
layer (~ 0.1 µm) at the sample surface is probed for wavelengths at and above the 
. band edge, so the effect of the pump on the band edge is more easily compared to 
,• ; . . '\ . . .. ' .·· .. 
the results of optically pumped· stimulated emission (SE) experiments. ·· 
Experimental. Technique· and Results .. 
The experimental configuration is identic:al to that · of Fig. 35 except the re-
flected instead of transmitted probe is collected, coupled into the spectrometer, and 
spectrally analyzed using the UV enhanced, gated CCD. An excitation photon energy 
of 3.676 eV (337 nm) was used in these experiments. 
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Figure 50 shows the 10 K reflection spectra as a function of lexc for a 4.2 µm 
- thick MOCVD grown GaN layer whose optical properties have been reported pre-
viously [56], [70]. The ls A and B free exciton transitions are clearly seen in the 
·· Iexc = 0 spectra and are shown to be greatly diminished by the time Iexc reaches 
0.75 MW/cm2. They are seen to be absent inthe reflection spectra by the timelexc 
reaches 3 MW/ cm2 • Again, the excitonic features do not noticeably shift in position 
.· as Iexc is increased. The SE threshold for thiE,i, S!3,mple has been reported earlier [56] 
as Ith~ 0.3 MW/crn2 for the same excitatioµ source. The large decrease in the exci-
tonic features at Iexc = Q.75 MW /cm2 indicates that for pump densities a few times 
. : . 
threshold, the gain in GaN is likely to arise from an electron-hole plasma rather than 
exciton related mechanisms, even at 10 K. 
·. Summary 
In this section the results of nanosecond nondegenerate optical pump-probe 
. reflection experiments on thick GaN films were presented. Employing a reflectioil 
geometry in the.pu,mp~probe experiments minimized the effects··of the pump density 
. . 
variation . problems encountered in transmission experiments. This allowed a more 
precise determination of the effects of the intense optical pump on the strength 
of the excitonic transitions and provided a more direct comparison to the results 
of optically pumped SE experiments. The experimental results indicate that the 
excitonic resonances are severely diminished for pump densities a few times the SE 
. . . . 
threshold. This·i~turn indicates that excitonic gain processes give way to those of 
an electron-hole plasma for excitation densities a few times the SE threshold, even 
at 10 K. 
Figure 50. 
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Reflection spectra for a.4.2 µm thick GaN epilayer grown by MOCVD on 
(OOOl)"o:riented sapphire as a func;tion of Ie:i:c, whei'el0 = 1 MW /cm2; 
The ls A and B free exciton transitions are clearly seen in the lexc = 0 
spectra (upper curve). The excitonic features are greatly.diminished 
for lexc = 0.75 MW /cm2 and are completely indistinguishable from 
the system noise by 3 MW/cm2 . No clear redshift is observed in the 
excitonic positions as lexc is increased from O MW/ cm2 • The spectra 
have been displaced vertically for clarity. The oscillatory structures . 
at longer wavelengths a.re a result of thin film interference. 
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Nondegenerate Optical Pump-Probe Spectroscopy of InGaN Thin Films 
In this section the results of nanosecond non-degenerate optical pump-probe 
absorption experiments on InGaN layers at zero time delay are presented. This 
study was initiated to help explain the drastic reduction of the stimulated emission 
threshold that results when indium is incorporated into GaN to form InGaN (seethe 
. ' . . . . 
last section of Chapter 4). Considerable differences in the effects of a strong optical 
pump on the band edge transitions are shown between InGaN and GaN thin films. 
Motivation 
The terriary group III nitride. compound faGaN is of great technological im-
. . . . 
portance for the development of high brightness u:v, blue, green, and white light 
emitting diodes (LEDs) as its fundament~ (direct) band gap has the potential to be 
· tuned from that of GaN (in the near UV spectral region) to th~t of InN (in the red 
spectral region). It also. hcilds great promise for the development of near UV, violet, 
. . . 
. and blue laser diodes [31]. Although high brightness LEDs [74] and cw violet laser 
diodes [75] have been demonstrated ·and marketed (in the case of LEDs), little is 
known concerning the· effects of high free carrier concentrations on the fundamental 
band gap transitions of this material system. A fundamental understanding of the 
processes involved in the highly excited emission phenomena observed in this mate-
rial is important for the development and optimization of commercial InGaN based 
blue laser diodes; · To date, only femtosecond pump-probe transient transmission 
experiments studying the ultrafast carrier dynamics in the low excitation density 
regime (far from that required to achieve stimulated emission) have been performed 
on this material [77]. _For this reason; nanosecond nondegenerate optical pump-probe 
absorption experiments have been performed on InGaN thin films in order to bet-
ter understand the optical phenomena associated with high carrier concentrations 
( enough to result in population iriversion and optical gain) in this material. The 
results of this stud:y will be shown to differ greatly from the behavior observed for 
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' ' 
GaN thin films, helping to explain the differences in their stimulated emission (SE) 
properties. 
Experimental Technique and Results. 
The Ino.1sGao.s2N layer used in this study was grown by MOCVD at 800 °C 
on a 1.8 µm thick GaN layer deposited at 'i.060 °C on (0001) oriented sapphire. 
' ' 
' ' 
The Ino.1sGao.s2N layer was 0.1 µm thick and was capped by a 0.05 µm GaN layer. 
The average In composition was measured using high-resolution x-ray diffraction and 
. . •. 
assuming Vegards law. We note that the actu.al foN fraction could be smaller due 
to systematic overestimation when assuming Vegards law in this -strained material 
. . . , ·.. ,, 
system [86], (87]. The lno.1sGao.s2N layer'thickness given above is an estimation from 
the growth conditions. 
The Iianoseconq nondegenerate optical pump-probe experimental system is il-
lustrated in Fig. 51. The third harmonic (355 nm, 3.492 eVY of an injection seeded 
. Nd:YAG (~ 5 ns FWHM pulse width, 10 Hz repetition rate) was used to synchro-
nously pump the lno.1sGao.s2N layer and a UV-blue dye solution. . The UV-blue 
' ' 
fluorescence from the dye solution was collected and focused on the surface of the 
Ino.18Gao.82N layer coincidental (spatially and temporally) with the pump beam. The · 
broadband transmitted probe was then collected and focused on the slits of a 1/ 4 
meter·spectrometer and spectrally analyzed using a UV enhanced, gated CCD. 
Figure 52 sh,ows the. lOK absorption spectra of the ln1u 8Ga0.82N subjected 
to various excitati~n densities (Iexc) below and above the .sE threshold (Ith)• The 
. stimulated emission peak position has been' indicated for completeness. We note 
. ··"". . ." 
the absence of clear excitonic features in the unpumped al;>sorption spectrum of the 
lno.isGao.82N film. The absorption edge is seen to be considerable broader than that 
of the GaN films· of the previous sections ("' 50 me V compared to "' 30 me V for 
GaN). This is attributed to band tailing resulting from difficulties in uniform indium 
incorporation. Usually this would lead to a significant increase in the SE threshold. 
Instead, a reduction of over an order of magnitude in the SE threshold was observed 
for this film compared to high quality GaN and AlGaN thin films (see the last section 
114 
of Chapter 4). This is a typical result ofthe incorporation of indium into GaN, the 
origin of which is still not well understood in the nitride scientific community. Clear 
bleaching of these band tail states is observed with increasing optical excitation, as 
shown in Fig. 52. For clarity, the changes in the absorption spectra with respect to 
the unpumped spectrum, ~a(Iexc) = a(Iexc) - a(O), are shown in Fig. 53 for the 
spectra given in Fig.52. The maximum of the observed absorption bleaching occurs 
on the high energy side of the SE peak, originating approximately 65 me V above 
the SE peak position and blueshifting slightly with increasing optical excitation. No 
significant increases in the bleaching spectra were observed for excitation densities 
exceeding rv 2 MW/cm2 . The feature peaked at ~ 2.955 eV in the ~a spectra 
coincides spectrally with the SE peak and is attributed to optical gain, the magnitude 
of which (on the order of 103 cffi-1) is seen to be more than an mder of magnitude 
smaller than the band edge bleaching. The band edge bleaching of the In0.18Ga0.82N 
film, exceeding- 3 x 104 cm-1 at Iexc = 2 MW/cm2, is consistent with the bleaching 
behavior observed in GaN thin films. The In0.18Ga0.82N film thickness estimated 
from the growth conditions was used in the calculatior: of a and ~a presented in 
this section. Some error from this estimation is expect( .. but the calculated values 
of a(O) agree well with those of GaN films .. Similar bel ,vior was observed at room 
temperature, as Hlustrated in Fig. 54 and Fig. 55. Again, no significant increases in 
the bleaching spectra were observed for excitation densities exceeding rv 2 MW J cm2. 
A striking difference between the absorption changes observed for the I110.18Gao.82N 
film and those observed for GaN films is the absence of the below-gap induced ab-
sorption observed in GaN films with increasing optical excitation. This is significant 
in that it explains, at least ,in part, the drastic reduction. in the SE threshold ob-
served in InGaN films relative to GaN films. This is explained here as resulting 
from the lack of induced absorption and gain competition that is exhibited in GaN 
films (see the first section of this chapter). The incorporation of indium into GaN 
to form InGaN has been observed by members of this research group and others to 
typically reduce or eliminate the presence of yellow band luminescence (YBL), and 
presumably the deep levels giving rise to it. This adds further credence to the theory 
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of their involvement in.the formation of the below gap induced absorption observed 
in GaN thin films. A detailed study is currently under way to better understand the 
effects of YBL on the bleaching behavior of highly excited GaN, InGaN, and AlGaN 
thin films. 
Another difference in the bleaching behavior of the In0.18Ga0.82N film compared 
to GaN films is the modest reduction in the absorption bleaching maximum as the 
temperature is increased from 10 K to room temperature. As the temperature is 
increased from 10 K to room temperature, the maximum in the bleaching spectrum 
reduces only slightly, from ~a ~ ~3.4 x 104 cm-1 at lOK to ~· -3.1 x 104 cm-1 
at room temperature for Iexc = 2 MW /cm2• This differs greatly from the factor of 
almost three reduction observed in GaN films. This is attributed to a difference in 
the bleaching mechanisms between the two materials: excitonic screening for GaN 
and band tail state filling for InGaN. The bleaching spectra of the In0.18Ga0.82N film 
at room temperature are significantly broader than those at lOK, showing a 50% 
increase in FWHM over the 10 K spectra. 
Summary 
Nanosecond nondegenerate optical purnp-probe experiments have been per-
formed at zero time delay on In0.18Ga0.82N thin films to gain a better understanding 
of the optical phenomena associated .with high carrier concentration i°: this mater-
ial. Clear band tail· state bleaching was observed with increasing optical excitation, 
reaching a maximum of approximately 3 x 104 cm-1 at 10 K and room temperature 
for an excitation density of 2 MW/ cm2 . Clear features in the differential absorp-
tion spectra are clearly seen in the spectral region stimulated emission is observed. 
These features are attributed to optical gain and are estimated to reach values as 
high as 2 x 103 cm-1 at both 10 K and room temperature for an excitation densit:y 
of 2 MW/cm2 (which exceeds the stimulated emission threshold by more than an 
order of magnitude). A striking difference between the evolution of the band edge of 
these InGaN films. compared to GaN films with increasing optical excitation is the 
complete absence of the induced absorption in the below-gap spectral region that 
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is typically observed in GaN thin films. This indicates that the high stimulated 
emission threshold of GaN films relative to InGaN films is due, at least in part, to 
competition between induced absorption and gain in the below-gap spectral region of 
GaN films. The large magnitudes of absorption bleaching observed in this work indi-
cate that InGaN is also a suitable tnaterial for use in.near UV-blue optical switching 
applications. 
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Figure 51. Nanosecond nondegenerate optical pump-probe absorption setup for zero 
time delay between the pump and probe pulses.· THG, ND, BS, and 
PD refer to third harrponic generator, neutral density, beam splitter, 
and photodiode, respectively. 
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10 K · absorption spectra of a 0.1 µm, thick lno,18Gao.82N layer near the 
fundamental band. gap for .. several excitation .densities above and be-
low the stimulated emission threshold. The stimulated emission peak 
spectral position is indicated by the arrow for completeness. . .. . . ' 
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Figure 53~ 10 K differential absorption spectra of a 0.1 µm thick Ino.18Gao.82N layer 
near the fundamental band gap for several excitation densities above 
and below the stimulated emission threshold. The stimulated emission 
peak spectral position is indicated by the arrow for completeness. A 
clear feature attributed to optical gain is seen in the spectral region 
at which stimulated emission is observed. 
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Figure 54. Room temperature absorption spectra of aO.l µm thick In0.18Gao.82N layer 
near the fundarnental band·. gap for several excitation densities above 
and below the stimulated emission threshold. The stimulated emission 
peak spectral position is indicated by the arrow for completeness. 
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Figure 55. Room temperature differential absorptioil spectra of a 0.1 µm thick 
In0.18Gao.82N layer near the fundamental band gap for several excita-
tion densities above and below the stimulated emission threshold. The 
stimulated emission peak spectral. position is indicated by the ·arrow 
for completeness. A clear feature attri~uted to optical gain is seen in 
the spectral region at which stimulated emission is observed. 
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Summary 
In this chapter the results of nanosecond nondegenerate optical pump-probe 
and single beam experiments on MOCVD-grown GaN films were presented. The evo-
lution of the band edge was monitored in nondegenerate pump-probe experiments 
as the number of free carriers was increased by photo-excitation. Large optical non-
linearities in the region of the fundamental band gap were observed as the number 
of free carriers was increased by optical excitation to densities sufficient to observe 
stimulated emission. Exciton saturation was observed with increasing carrier concen-
tration, with a resulting decrease in the absorption coefficient (induced transparency) 
approaching .6.a :- - 4 x 104 cm-1 at 10 Kand -2 x 104 cm-1 at room temperature. 
In addition, large below-gap induced absorption exceeding .6.a = 4 x 104 cm-1 at 
10 Kand 2 x 104 cm-1 at room temperature was observed as the pump density was 
increased to over 3 MW /cm2 . The exciton saturation is explained by many body 
effects such as screening by excess free carriers. Nanosecond nondegenerate optical 
pump-probe transmission experiments with variable time delay between the pump 
and probe pulses showed the below-gap induced absorption to bE a result of a large 
shift in the fundamental band gap to lower energy. This shift was found to increase 
across the pump pulse duration, reaching a maximum within 1 ns after the end of 
the pump pulse. The band edge was shown to slowly ( on the order of 100 ns) recover 
to its. pre-pumped position. The maximum shift in the b~nd edge (at 5 nsdelay) was 
found to exhibit saturation behavior with increasing optical excitation. Screening 
due to carriers trapped atdeep levels is suggested as the mechanism for the shift 
in the band edge. Single-beam power dependent absorption experiments show en-
hanced absorption bleaching of the excitonic transitions for resonant excitation and 
a drastic reduction in the below-gap induced absorption. The experimental results 
indicate the states responsible for the induced absorption must first be created by the 
above-gap excitation of the pump beam and cannot be directly created by below-gap 
excitation. Nanosecond nondegenerate optical pump-probe absorption experiments 
were also performed on InGaN films for comparison. Induced transparency in the 
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band edge region was observed and attributed to the filling of band tail states with 
increasing. optical excitation. The InGaN films did not exhibit induced absorption 
in the below-gap region. Instead,· features in the differential absorption spectra were 
clearly seen in the spectral region where stimulated emission was observed. These 
features are attributed to optical gain. The. fact that high quality InGaN films typi-
cally do not exhibit the yellow band lumin.escencetypically observed from GaN films 
further suggests the deep levels respo~sible for yellow band luminescence in GaN 
contribute to the observed below-gap induced absorption through their screening 
properties. The :work presented here helps explain the significant reduction in stimu-
lated emission threshold that typically accompanies the incorporation of indium into 
. . ' 
GaN to form InGaN. This is explained here as b~ing, in part, due to the suppres-
sion of these deep levels through ah· as of· yet unknoym :process in InGaN. The high 
stimulated emission threshold of GaN. is attributed to induced absorption and gain 
. . . . . . 
competition with lncreasing free carrier concentratfoµ. This work suggests the .elim-
ination of these deep levels in GaN is paramount to the development of GaN based 
. ; ,. ' . 
near UV laser diodes. Similar problems are expected to plague AlGaN based UV 
laser diode development. The lru:ge values of .induced transparency and absorption 
studied in this work suggest the potential of new optoelectronic applications, such 
as optical switching, for the group III nitrides. 
· .CHAPTERVI 
OPTICAL SPECTROSCOPY OF HIGHLY 
EXCI1,'ED InGaN/GaN MULTIPLE QUANTUM 
' ' ' 
WELLS. 
Due to their technological relevance in the de~elopment of state-of-the-art blue 
laser diodes, the optical properties of InOaN/Ga.N multiple quantum wells (MQWs) 
under the conditions of strong optical pumping have been studied in detail to elu-
. ' . . 
cidate the origin (s) of stimulated emission. ( SE) and lasing · in these materials. The 
SE behavior .is shown to differ strorigly from that ·of GaN· and AlGaN thin films. 
The origin of SE in Ill:GaN/GaN MQWs is explored through the use of tempera-
ture dependent SE studies, excitation length dependent SE studies, energy selective 
~-u,-c~~. ' ' • • 
optically pumped SE studies, variable-stripe gain spectroscopy, and nanosecond non-
degenerate optical pump-probe spectroscopy. By combining the results of the above 
mentioned studies, we gain a broad overview and understanding of the behavior and 
origin of SE andlasing in these structures. 
The InGaN/GaN MQW samples u~ed in this work were grown by metalorganic 
chemi-cal vapor deposition_ (MOCVD)on 1.8 µm thick GaN base layers using the 
. . . . 
precursors trimethylgallium (TM Ga), trimethylindium (TMin), trimethylaluminum 
(TMAl), and ammonia. Disilane was used as an n~type dopant. The GaN base lay-
ers were grown on (0001) sapphir~ substrates at a growth.temperature of 1050 °C. 
The growth temperature was reduced to 790 °C during the growth of the MQW re-
gion. The TM Ga and TMin flows during InGaN well and GaN barrier growth were 
5 µmol/min and 14 µrilol/min, respectively. The disilane flow was varied between 0 
and 2 nmol/min. The ammonia fl.ow was. held constant at 0.35 mol/min .. The GaN 
barriers were doped with Si in the concentration range of lx1017 to 3x1019 cm-:-3 for 
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the different samples studied. The.MQW region consisted of 12 InGaN/GaN quan-
tum wells with 3 nm InGaN wells and 4.5 .nm GaN barriers. The MQW structures 
were capped with 100 nm Alo.01Gao~93N layers grown at 1040 °C. A detailed descrip-
tion of the growth conditions is given elsewhere [88], [89]. The sample structure is 
illustrated in Fig. 56. In order to evaluate the interface quality and structural pa-
rameters, such as the average In composition of the MQW structure a:nd the period 
·· of the superlattice, the sa~ples were an~lyzed with a 4-crystal high-resolution x-tay 
diffractometer (HRXRD) using Cu Ka1 radiation. The angular distances between 
the satellite supedattice diffraction peaks and GaN (0002) reflections were obtained 
by w-20 scans. The spectra clearly showed higher-order satellite peaks indicating 
high interface quality and good layer uniformity'. The average indium composition in 
the wells was estimated to be ~ 20%. The details ~f this x-ray analysis are reported 
elsewhere [90]. 
A general property of the MQWs mied .in this st1.1dy WflS a large blueshift of 
the spontaneous emission with increasing optical excitation .(see Fig. 57). This can 
due to two different processes, both of which have been reported to be dominant in. 
InGaN MQWs: (1) Bandfilling of localized states, and (2) Screening of the internal 
piezoelectric field. The later can be disregm-ded from future consideration by con-
sidering that at the highest Si doping concentration (3 x 1019 cm-3) of the barriers, 
. the excess carriers should effectively screen the piezoelectric field. If this is the case, 
a systematic decrease in the excitation density induced blueshift should be observed 
with increasing Si doping of the barriers. Fig. 57 shows that this is clearly not the 
case. In fact, the blueshift is seen to be independent of Si doping concentration. This 
leaves bandfilling of localized states as the doi:_ni~ant mechanism for the blueshifting 
beha~ior with increasing optical e~citatiori. 
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Figure 56. Schematic of the InGaN/GaN MQW structures used in this study. 
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Figure 57. Evolution of emission from InGaN/GaN MQWs with increasing opti~ 
cal excitation for (a) n = 3 x 1019 cm-3 (b) n = 2 x 1018 cm""'"3 (c) 
n < 1 x 1017 cm-3 Si doping concentration in the GaN barrier layers. 
( d) Shows the. same for an InGaN reference layer of similar indium 
concentration. Ith is defined as the stimulated emission threshold for 
the respective samples. 
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Temperature Dependence of SE from InGaN/GaN MQWs 
Stimulated emission (SE) in optically pumped InGaN/GaN multiple quan-
tum well (MQW) structures grown by metalorganic chemical vapor deposition was 
observed and studied over the temperature range of 10-575 K. The GaN barriers 
were intentionally doped with different Si concentrations ranging from 1 x 1017 to 
3 x 1019 cm-3 . The effects of this Si doping on the optical properties of the highly 
excited InGaN/GaN MQWs were investigated. The SE threshold was measured as a 
function oftemperature and compared with bulk GaN. The SE thresholds were found 
to be more thanan order of magnitude lower than typical high quality MOCVD-
grown GaN layers. The low SE thresholds are attributed to high quantum efficiencies 
of the MQWs due to the suppression ofnonradiative channels by the localization of 
carriers at large potential .fluctuations in the· InGaN active layers. A characteristic 
temperature of 162 K was derived from the temperature dependence of the SE thresh-
old. The integrated emission intensity versus pumping density was also examined for 
the above me .tioned temperature range. This study shows that InGaN/GaN MQWs 
have very di Tent emission mechanisms than GaN films. They are also shown to be 
suitable for t,1e:3 development of laser diodes and other optoelectronic devices required 
to operate well above room temperature. 
Motivation 
. The group III-nitrides have attracted considerable interest due to their po-
tential applications for light emitting devices [7 4), solar-blind detectors [91], and 
high-power microwave devices [92). GctN-'based structures have been shown to be 
chemically stable and able to withstand high temperatures [56), [93). The low tem-
perature sensitivity of the lasing threshold in :ridge-geometry InGaN multi-quantum 
well (MQW) structures [94) near room temperature (RT) compared to conventional 
III-V [54), [95] and II-VI [55], [96) based structures prompts further research towards 
high temperature applications for group III nitride MQWs. Some preliminary above 
room temperature experiments on bulk GaN grown on sapphire and SiC [56], [93], 
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as well as theoretical predictions of their temperature sensitivity [97], have been 
published, but, to our knowledge, there are no reported studies on stimulated emis-. 
sion (SE) or lasing in InGaN/GaN/ AlGaN-based heterostructures for temperatures 
above 80 °C. In this section, we report the results of an experimental study on SE 
in optically pumped InGaN/GaN MQW samples in the temperature range of 10-575 
K. Narrow SE peaks with less than 0.1 nm full..:width at half maximum (FWHM) 
were observed throughout. the temperature range. The SE threshold was measured 
as a function of temperature, from which a. ·characteristic temperature of 162 K 
was derived. The· effects of Si doping on the luminescence. intensity and SE thresh-
old density of InGaN/GaN MQWs· were evaluated experirrientaliy. The dependence 
of the integrated emission intensi,ty on.pumping density for the entire temperature 
range was also determined .. The experimental results presented here show InGaN 
based. MQW structures are particularly, well suited for use in opto-electronic devices 
required to operate at high te;rnperatures. 
Experimental Technique and. Results 
In this study, the third harmonic {955 nm) of an injection-seeded Nd:YAG 
laser with a pulse width of 6 ns and a repetition rate of 30 Hz was used to optically 
excite the MQW samples in an edge-emission geometry. The laser beam was focused 
to· a line on the sample surface using a cylindrical lens and the emission was col-
lected from one edge, coupled into a 1-meter spectrometer, and spectrally analyzed 
using a UV enhanced opti.c~l muti-channel analyzer.. Tl;ie laser Ii~ht intensity was 
' ' 
precisely varied . using. a continuously graded neutral density filter wheeL For the 
majority of this work, the SEJ,rnples were mounted on a copper heat sink attached to 
a wide temperature range cryostat/heater system (MMR Technologies Inc., model 
. : .. ' ·. . ,' . 
U220-3), allowing the sa~ple temperature to be varied from 80-575 K. When low~r 
temperatures were required, a conventional closed cycle refrigerator was used. 
The effects of Si doping on the optical properties of bulk GaN [98], [99], In-
GaN/GaN [100], [101] and GaN/AlGaN [102] MQWs have recently been studied in 
the low excitation regime by a number of authors. In this section, the results of 
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a study on the effects of Si· doping on the optical properties of highly excited In-
GaN / GaN MQW structures are presented. Only moderate concentrations of Si were 
observed to lead. to an increase the luminescence intensity and a reduction in the SE 
threshold (Ith) for the lnGaN/GaN MQWs used in this study. The dependence of the 
SE threshold (at room temperature) on the Si d~ping concentration of the MQWs 
is shown in Fig. 58. The maximum luminescence intensity and lowest SE threshold 
(Ith = 55 kW /cm2 at RT)'were observed for the sample with a Si concentration of 
2 x 1018 cm-3 in the barrier layers.· Further increases in Si concentration were ob-
served to result in significant increases in the SE threshold, as shown in Fig. 58. This 
threshold is moreJhan an order of.magnitude.lower than that of typical high quality 
nominally undoped single-crystal GaN films measured under the same experimental 
' . 
conditions. We will concentrate on the emission behavior of this .particular MQW 
sample for the remainder ofthis·section. 
· Figure 59 shows the emission .spectra at·· various temperatures and excita-
. tion powers from the InGaN/GaN MQW sample with a Si doping concentration 
of 2 ~ 1018 cm-3 in the GaN barriers. The dotted lin'. is represent the spontaneous 
emission spectra ( ab) collected from the sample edge) )r pumping densities approx-
imately half that of the SE threshold· at each respecthe temperature. Spontaneous 
emission in lnGaN MQWs has recently been attributed to the recombination of car-
riers localized by large potential fluctu.ations in the quantum well active regions [66], · 
. . 
[67]. We will see in the following sections that SE originates from these localized 
carriers also. As we raise the excitation power density above the SE threshold, a 
considerable spe~tral narrowing occurs (solid lines in Fig. 59). The eII11ssibn' spectra 
are comprised of many narrow peaks of less.than 0.1 nm fWHM, which is on the 
order of our instrumentf,l.tion resolution; The ~ajor effect of the. temperature change 
from 200 K(Fig. 59a) to·450 K (Fig. 59c) is seen to be a shift-in the spontaneous and 
stimulated emission peaks to lower energy. No noticeable broadening of SE peaks 
FWHM was observed when the temperature was varied from 10-575 K. 
The temperature dependence of SE threshold is shown in Fig. 60 (solid dots) 
for the temperature range from 175-575 K. SE was observed through~_y,t.,;..tjae entire 
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temperature range studied, from 10 K to 575 K. The SE threshold was measured to. 
be approximately 25 kW/cm2 at 175 K, 55 kW/cm2 at 300 K, and 300 kW/cm2 at 
575 K. It was found to roughly follow an exponential dependence- on the excitation 
density in this temperature range. The low SE thresholds are most likely a· result of 
· carrier localization at (large) potential fluctuations in the InGaN active regions. The 
solid line in Fig. 60 represents the best result of a least-squares fit of the experimental 
data to the empirical formula: 
(36) 
:: . ' ' 
for the temperature dependence of the SE threshold. The ~aracteristic temperature 
-. . . 
(Tc) for this sample was estimated to· be 162 · K in the temperature range of 175-
575 K. This value of Tc is consistent with that of the base material, GaN, in this 
temperature range (see Chapter 4). A :high value of Tc indicates a low temperature 
. . . .· . 
sensitivity of the SE threshold. The characteristic temperature measured here is 
considerably larger than t'·e·near RT characteristic temperatures reported for laser 
structures based on convc .. ional IIl-V [54]i [95] and II-Vl [55], [96] materials. This 
hig~ temperature sensitiv . is a strong limiting factor for high temperature operation 
in. conventional III-V anc H-VI laser structures. Such a low sensitivity of the SE . 
. .threshold with increasing temperature in InGaN/GaN MQWs opens up enormous 
opportunities for high-temperaturelaser diode applications. 
As the temperature was increased from 10 K, the PL intensity was observed to 
. . . 
decre~se, indicating the increased dominance of nonradiative recombination channels 
which result in a decreaseirr'the MQWsquantum efficiency. At high temperatures, 
only a small. fraction of the photo-generated, free carriers relax to the conduction 
. . 
· band minima due to this increasing competition with nonradiative recombination 
processes. To better. understand how nonradiative recombination processes ·affect 
the SE process, the integrated photol~nescence intensity was studied as a function 
of excitation power for different temperatures, as shown in Fig. 6L Under low 
excitation densities, the integrated intensity (Iinteg) increases nearly line~rly with 
increasing excitation density, Iexc (i.e. Integ ex: I~xc, where /3 = 0.8-1.3). At high 
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. excitation densities, this dependence becomes superlinear (i.e. Iinteg ex I~xc, where 
/3 = 2.2-3.0). The excitation density at which the slope of Iinteg changes from nearly 
linear to superlinear corresponds to the SE threshold. Interestingly, the slopes ·of 
Iinteg below and above the stimulated emission threshold do not significantly change 
over the temperature range involved in this stucly; This is in contrast· to what is 
observed from GaN layers (see Chapter 4) and indicates that the SE mechanism 
remains the same for these structures as we raise t~e temperature from cryogenic 
temperatures. to hund.r~ds of degrees above RT. This is also indicated by the lack of 
an increase in the FWHM. of the SE lines as we increase the temperature over this 
wide range. 
·summary 
In conclusion, the effects ofSidqpingin the GaN barriers o:i;i the highly excited 
optical properties of InGaN / G~N MQW s were characterized:· Stimulated emission 
'. . .· 
from optically pumped InGaN/GaN MQWs was studied over the wide temperature 
range of 10-575. K. The SE threshold was measured as a function of temperature 
and a characteristic temperature of 162 K was derived for the temperature range 
. . 
from 175-575 K. The integrated emission intensity versus pumping density was also 
measured at various temperatures in this range. The slopes of the integrated emis-
sion intensity below and above the stimulated emission threshold were found to be 
insensitive to changes in temperature, indicating the SE mechanism does not change 
with increasing temperature .. The general SE b:ehavior {both the FWHM ofthe SE 
peaks and 'the dependence.~£ Iint~g on Iexc) was observed to be independent of tern-. 
perature from 10 K to 575 K, further irtdicating the SE rµechanism does not change 
' .· . . ~ .· 
over this wide temperature range. The low stinmlated emission threshold and weak 
temperature sensitivit; of the stimulated emission threshold. make InGaN / GaN mul- . 
tiple quantum well structures attractive materials for the development of laser diodes 
that can operate substantially above rooin temperatures. 
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Figure 58. Room temperature stimulated emission threshold as a function of Si dop-
ingconcentrati9n iri the GaN barriers of InGaN/GaN MQWs. The 
solid circles represent Si concentrations measured by SIMS. The solid 
diamond represents a Si doping concentration of< lx1017 cm-3 ob-
tained from· Hall measurements. 
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Emission spectra for.an'InGaN/GaN MQW sample with a Si doping 
concentration of 2 x 1018 cm-3 in the GaN barriers at: (a) 200 K, 
(b) 300 K, and· ( c) 450 K. The spontaneous emission spectra ( dotted 
lines) were taken under an excitation density of 0.5· I th· The SE spectra 
were obtained with a pump density of2·lth, where Ith represents the 
SE threshold for a given temperature. Adapted from [65]. 
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Figure 60. Temperature dependence of the SE threshold in the temperature range 
of 175~575 K for the InGaN/GaN MQW sample shown in Fig. 59. 
The solid line represents the best result of a least-squares fit to the 
experimental data {solid dots). A characteristic temperature of 162 K 
is derived from the fit. Adapted from (65]. 
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Figure 61. Integrated intensity of InGaN/GaN MQW emission as a function of 
pump density at various temperatures. The slope change from 0.8-1.3 
to 2.2-3;0 indicates the transition from spontaneous emission to stim-
ulated emission. The solid lines are given only as guides for the eye. 
Adapted from [65]. 
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Excitation Length Dependent Studies of Optically Pumped SE from InGaN/GaN 
MQWs 
Optically pumped stimulated emission (SE) from InGaN/GaN multiple quan-
tum wells (MQWs) grown by metalorganic chemical vapor deposition has been sys-
tematically studied as a function ofexcitation length (Lexc). Two distinct SE peaks 
were observed from these structures: one that originates at 425 nm at 10 K ( 430 nm 
at 300 K) and another that originates at 434 nm at 10 K (438 nm at 300 K) for 
the n = 2 x 1018 cm-3 MQW sample. The SE threshold for the high energy peak 
was observedto always be lower than that of tlfo low energy peak, but the difference 
was found to decrease greatly with increasing Lexc· A.detailed study of the emission 
intensity of these two SE peaks as a function of excitation density shows that the 
two. peaks compete for gain in the MQW active region. 
Motivation 
GaN-based semiconductors and related heterostructures are attracting an ever-
increasing amount of attention due to their large direct band gaps, which make them 
promising materials for UV-blue-green light emitting devices [74], [103], solar-blind 
UV detectors [91], and high power and high temperature devices [92), [56], [65]. In 
particular, the realization of high brightness blue and green light emitting diodes [7 4) 
and cw blue laser diodes [103] based on InGaN/GaN multiple quantum wells (MQWs) 
has focused the efforts of many research groups on these structures. Although a 
considerable amount of research has been conducted on the optical properties of these 
materials, there is still much left unknown about the optical processes associated with 
stimulated emission (SE) and lasing. To aid in a fundamental understanding of the 
processes leading to optical ·gain. in these structures, excitation length dependent 
studies of optically pumped SE have been performed and illustrate dramatically 
different SE behavior for changes in the experimental conditions that would typically 
be insignificant in other semiconductor materials. 
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Recently, a considerable amount of attention has been given to the potential 
role of strongly localized band tail states on the SE and lasing processes in InGaN 
MQWs [104], [105], [66], [106], [107], [108]. Although there exists a sizable amount of 
data to support localized carrier recombination as the mechanism leading to sponta-
neous emission in. these materials [66], [106], [109], [67], the results for SE behavior in 
the literature are varied and often contradictory. This has led some research groups 
to assign the spontaneous emission peak to recombination of localized carriers, and 
the SE peak to a more traditional recombination mechanism, that of an electron-hole 
plasma originating.from free carriers [110], while others claim that strongly localized 
carriers are the origin of both spontaneous and stimulated emission [106], [107], [108]. 
With the recent observation of two different SE peaks from InGaN/GaN MQWs 
grown by Nichia Chemical Industries [108] we see the possibility that some of the 
varied results reported in the literature may stern from·slightly different experimental 
conditions, which are shown here to result in significant changes in the SE behavior. 
We report the results of a detailed study of the SE behavior of these two SE peaks 
as a function of excitation length (Lexc) and excitation density (Iexc) and illustrate 
dramatically different SE behavior in InGaN MQWs for relatively small changes in 
the experimental conditions. The observation of these two distinct SE peaks from 
InGaN/GaN MQWs grown under different conditions by separate research groups 
suggests this SE behavior is a general property of present state-of-the-art InGaN 
based blue laser diodes. As such, a better understanding of the SE and lasing behav-
ior of these structures is important for the development and optimization of future 
laser diode structures. 
Experimental Technique and Results 
In this set of experiments, the InGaN MQWs were again optically pumped 
in an edge emission geometry by the third harmonic of an injection seeded Nd:YAG 
(yttrium aluminum garnet) laser (355 nm, 30 Hz,,...., 6 ns pulse width). The excitation 
beam was focused to a line on the sample using a cylindrical lens and the excitation 
length was varied using a mask connected to a computer controlled stepper motor. 
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The emission was collected from one edge of the sample, coupled into a 1-meter 
spectrometer, and spectrally analyzed using a UV enhanced optical multi-channel 
analyzer. For clarity, we will concentrate in this section on the optical properties of 
the InGaN/GaN MQW with .n = 2 x 1018 cm,...3 Si doping in the GaN barriers. 
Typical power dependent emission spectra at 10 K are shown in Fig. 62 for 
Lexc = 1,300 µm. At low Iexc, we observe a broad spontaneous emission peak peaked 
at ~ 441 nm, consistent with low power cw photoluminescence (PL) spectra. As 
Iexc is increased, a new peak emerges at ~ 428 nm [designated here as SE peak (1)) . 
and grows superlinearly with increasing Iexc· If we continue to increase Iexc, · we 
observe another new peak at ~ 433 nm [designated here as SE peak (2)] which also 
grows superlinearly with increasing Iexc· SE peak (1) is observed to be the (time 
averaged) statistical distribution of a multitude of narrow ( < 0.1 nm FWHM) peaks, 
as illustrated in the inset of Fig. 62. No significant broadening of these narrow 
emission lines in SE peak (1) was observed as the temperature was tuned from 10 K 
to over 500 K. The behavior of SE peak (1) was the subject of the previous section. 
SE peak (2) is observed to always be considerably n ,rrower than (time averaged) 
· SE peak ( 1). Both SE peaks are seen to originate c: . the high energy side of the 
low power spontaneous emission peak (given by the dashed line in Fig. 62). Both 
SE peaks were found to be highly TE polarized, with a TE to TM ratio of rv 200. 
SE peak (2) has been the subject of extensive experiments performed by the author 
and has been attributed to stimulated recombination of localized states through the 
use of energy selective optically pumped ;SE studies showing "mobility edge" type 
behavior in the SE spectra as the excitation photon energy is varied [68), and through 
nanosecond non-degenerate optical pump-probe experiments showing the onset of SE 
has a direct impact on the bleaching dynamics.·of the band tail states in these samples 
[69). These studies are described in detail in the following sections of this chapter. 
Figure 63 shows the SE thresholds (Ith ) of SE peaks (1) and (2) as a function 
of Lexc· We note that Ith for SE peak (2) is larger than that of SE peak (1) for all 
excitation lengths employed, but approaches that of SE peak (1) with increasing Lexc 
in an asymptotic fashion. The high SE threshold of peak (2) with respect to peak (1) 
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and its increased presence for longer Lexc indicate that it is a lower gain process than 
that of peak (1). 
Figure 64 shows the peak positions of SE peak (1) and SE peak (2) as a 
function of Lexc at 10 K. For Lexc less than"' 500 µm, only SE peak (1) is observed. 
It has a peak emission wavelength of~· 425 nm (430 nm) and a SE threshold of 
~ 100 kW/cm2 (475 kW/cm2) at 10 K (300 K). As Iexc is increased and/or Lexc 
is increased, a new SE peak [SE peak (2)] at 434 nm (438 nm at RT) emerges. 
The peak positions were measured for Iexc fixed relative to the SE thresholds of the 
respective peaks; i.e. Iexc = 2 x Ith. As Lex~ is increased, SE peak (1) shifts to longer 
wavelengths (due to a re-absorption proc·ess), while the peak position of SE peak (2) 
is observed tobe weakly dependent on Le.xc• The apparent blueshift of SE peak (2) 
with increasing Lex~ seen in Fig. 64 is a result of the experimental conditions. Since 
the SE threshold of SE peak (2) is a strong function of Lexc, the peak positions shown 
for small Lexc are for Iexc considerably higher than for large Lexc· The slight redshift 
of SE peak (2) with increasing Iexc due to many-body effects and lattice heating 
(see Fig. 62) then manifests itself as the apparent blueshift ·seen in Fig. 64. The 
same phenomenon is observed at room temperature, as shown in the inset of Fig. 
64. The redshift of SE peak (1) with increasing Lexc can be explained by gain and 
absorption competition in the "soft" absorption edge of the InGaN active regions, 
where gain saturation with longer Lexc combined with the background absorption 
tail leads to the observed redshift. The fact that SE peak (2) does not experience 
a re-absorption induced redshift with increasing. Lexc is explained. by the significant 
reduction of the absorption tail in this spectral region , as shown in the inset of Fig. 
65. The gain saturation behavior ofSEpeak (1) is consistent with the observation 
of Kuball et al. [111] of a high gain. mechanism in the .band tail region of MQWs 
with similar active regions. The large spectral range exhibiting gain is explained 
by compositional fluctuations inside the active region. The redshift of SE peak (1) 
with increasing Lexc is consistent with observations of a redshift in the optical gain 
spectrum with increasing Lexc reported by Mohs et al. [112]. It is also consistent 
with the observation by Nakamura [113] that the external quantum efficiency of 
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his cw blue laser diodes decreases with increasing cavity length. These similarities, 
combined with the relatively low SE threshold of SE peak (1) with respect to SE 
peak (2) and its similar spectral position with laser emission from diodes of similar 
structure [ 114], suggests that lasing in current state-of-the-art cw blue laser diodes 
originates from the gain mechanism responsible for SE peak (1). The microscopic 
origin of this gain is the subject of continuing research, but is shown here to be 
different than the localized state recombination responsible for SE peak (2). Its· 
origin may lie in an entirely different degree of carrier localization, such as found in 
self-formed quantum dots. Further experiments are needed to clarify this issue. 
The dependence of.the emission intensity of peaks (1) and (2) on lexc is shown in 
Fig. 65 for Lexc = 1,300 µmat 10 K. The emission of peak (1) increases in a strongly 
super linear fashion ( ~ I~;;~ ) until the SE threshold of peak (2) is reached, at which 
point it turns linear, indicating that peak (2) competes for gain with peak (1). This 
is most likely a result of competition for carriers or re-absorption of the emitted 
photons. The presence of SE peak (2) is, therefore, seen to be deleterious to SE 
peak (1). The same process is observed at room temperature and for various exci-
tation lengths. This gain competition may limit this materials performance in high 
power laser diode applications, where increased driving current and/ or longer cavity 
lengths may result in a shift in the dominant gain mechanism and a drastic change 
in the emission behavior. 
Summary 
In summary, the dependence of stimulated emission on excitation length in 
MOCVD grown InGaN /GaN MQW structures has been studied. Two distinctly dif-
ferent SE peaks were observed with different dependencies on excitation length. The 
high energy SE peak exhibits ·a strorig redshift with increasing excitation length due 
to competition between an easily saturable gain mechanism and a background ab-
sorption tail. The lower energy SE peak does not exhibit this re-absorption induced 
redshift with increasing excitation length. The presence of the lower energy SE peak 
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has been shown to be detrimental to the higher energy SE peak due to gain com-
petition in the InGaN active region. This competition may prove to be an obstacle 
in the design of InGaN based high power laser diodes, where high current densities 
and/ or long cavity lengths can lead to a shift in the dominant gain mechanism and 
a change in the emission characteristics. 
The previous two sections have demonstrated that the SE behavior of the In-
GaN /GaN MQWs does not change as a function of temperature, even as we increase 
the temperature from 10 K to 575 K. We will, therefore, concentrate on experiments 
performed at 10 K in the following sections. At 10 K the processes involved will 
be at their clearest due to· the minimization of thermal effects on the recombination 
processes. At higher temperatures (i.e. room temperature), the involved phenomena 
may be obscured due to the increased presence of thermal effects and related non-
radiative recombination processes. The arguments presented at 10 K should directly 
apply at higher temperatures. 
..-. 
u, ...., ·-C: 
:::> 
~ ·-u, 
C: 
Q) ...., 
C: 
10 K 
(2) 
(1) 
RT 
422 424 426 428 
Wavelength (nm) 
/\ 
I \ 
I \ 
\ 
\ 
\-.. 
"-. cw PL 
'-... ......_ 
410 420 430 440 450 460 470 
Wavelength (nm) 
143 
Figure 62. 10 K SE spectra (solid lines) from an InGaN/GaN MQW subjected 
to several different excitation densities. I0 = 100 kW/ cm2 . The low 
power cw spontaneous emission spectrum is also shown ( dashed line). 
The spectra have been normalized and displaced for clarity. The inset 
shows a short accumulation time spectrum of SE peak (1) at room 
temperature. 
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Figure 64. Peak position of SE peaks (1) and (2) as a function of excitation length 
at 10 K for an InGaN/GaN MQW. The solid lines are given only as 
guides for the eye. The inset shows the behavior observed at room 
temperature. 
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Figure 65. Emission intensity of SE peaks (1) and (2) as a function of optical excita-
tion density at 10 K, illustrating gain competition between SE peaks 
(1) and (2). The excitation length is 1,300 µm. The respective SE 
thresholds, Ith, of SE peaks (1) and (2) are indicated for complete-
ness. The solid lines are given only as guides for the eye. The inset 
shows the optical density ( dashed line) given in arbitrary units overlaid 
on a representative SE spectrum (solid line), illustrating the relative 
magnitude of the absorption tail in the spectral region of SE peak ( 1) 
compared to that of SE peak (2). The oscillatory structure is a result 
of thin film interference. 
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Energy Selective Optically Pumped SE Studies of InGaN/GaN MQWs 
Optically pumped stimulated emission (SE) from InGaN/GaN multiple quan-
tum wells (MQWs) grown by metalorganic chemical vapor deposition (MOCVD) has 
been systematically studied as a function of excitation photon energy (Eexc) to further 
understand the origin of SE in these structures. Optically pumped SE was observed 
for excitation photon energies well below that of the absorption edge of the MQWs, 
indicating the states responsible for the soft absorption edge in these structures can 
efficiently couple carriers with the gain region. "Mobility edge" type behavior in the 
SE peak was observed as Eexc was varied. The effective mobility edge measured in 
these SE experiments lies ,...., 1 lO me V above the main spontaneous emission peak 
and ,...., 62 me V above the SE peak. Tuning the excitation energy below the mobility 
edge was found to be accompanied by a drastic increase in the SE threshold due to a 
decrease in the effective absorption cross section. The experimental results indicate 
that the SE peak observed here has the same microscopic origin as the spontaneous 
emission peak, i.e. radiative recombination of localized states. 
Motivation 
GaN-based semiconductors and related heterostructures have been attracting 
an ever-increasing amount of attention due to their large direct band gaps, making 
them promising materials for UV-blue-green light emitting devices [74],. [103], solar-
blind ultraviolet detectors [91], and high power and high temperature devices [92], 
[56], [65]. In particular, the realization of high brightness blue and green light emit-
ting diodes (LEDs) [74] and cw blue laser diodes [103] based on InGaN/GaN multiple 
quantum well (MQW) structures has focused the efforts of many research groups on 
these structures. Although a considerable amount of research has been conducted 
on the optical properties of these materials, there is still much left unknown about 
the optical processes associated with stimulated emission (SE) and lasing in them. 
A fundamental understanding of the mechanisms leading to stimulated emission and 
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lasing in these materials is important, not only for general physical insight, but also 
as an aid in designing practical devices. 
Recently, a considerable amount of attention has been given to the potential 
role of strongly localized states on the SE and lasing process in InGaN MQWs [104], 
[105], [106], [107], [108]'. Although there exists a sizable amount of data to support 
localized state recombination as the mechanism leading to spontaneous recombina-
tion in these materials [66], [109], [67], the reported results for SE are varied and 
contradictory. This has led some research groups to assign the spontaneous emission 
peak to recombination of localized states and the SE peak to recombination of an 
electron-hole plasma originating from free carriers [110], while others claim strongly 
localized states to be the origin of both spontaneous .and stimulated emission [106], 
[107], [108]. In this letter, we report the results of excitation energy dependent stud-
ies of optically pumped SE from InGaN/GaN MQWs and present evidence that gain 
originating from localized states exists in this material system, and is responsible for 
SE peak (2) described in the previous section. 
Experimental Technique and Results 
The experiments were performed on both MQWs with Si doped (n ~ 2 x 1018 
cm-3 ) and undoped GaN barriers. The InGaN MQWs were optically pumped in an 
edge emission geometry under different excitation energies generated by the second 
harmonic of an amplified dye laser pumped by the second harmonic of an injection 
seeded Nd:YAG laser (10 Hz, 4 ns FWHM pulse width). The excitation beam was 
focused into a line on the sample using a cylindrical lens, and the emission was 
collected from one edge and coupled into a 1-meter spectrometer, then spectrally 
analyzed using a UV-enhanced gated CCO. The excitation beam spot size was~ 100 
X 5,000 µm. 
Figure 66 shows the 10 K emission spectra of the doped InGaN/GaN MQW for 
several excitation densities below and above the SE threshold (Ith). As the excitation 
density (Iexc) is increased, the spontaneous emission peak is observed to blue shift 
until it reaches~ 2.875 eV, after this point it is observed to increase only in intensity 
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until the SE threshold is reached. The SE [SE peak (2)] is seen to develop on the 
low energy side of the fully blueshifted spontaneous emission peak. The blueshift 
of the spontaneous emission is attributed to band filling of the localized states due 
to the intense optical pump. With increasing Iexc, the filling level increases and the 
photoluminescence (PL) rnaximum shifts to higher energies until sufficient population 
inversion is achieved and net optical gain results in the observed SE peak. The data 
presented in Fig. 66 were taken with an excitation energy. of 3.49 eV (355 nm) in 
a surface emitting geometry near the edge of the sample to minimize the role of 
re--absorption processes in the spontaneous emission spectrum. The SE peak is due 
to a leak of the in-plane SE at the sample edge. No SE was observed from the 
middle of the sample in this geometry, indicating the high quality of the sample 
structure [115]. The spontaneous emission peak has been attributed to radiative 
recombination of localized states [116] in an analysis along the same vein as Narukawa 
et al. [67]. The effective recombination lifetime as a function of detection energy 
measured in time--resolved photoluminescence {TRPL) experiments (see [116]), is 
shown in the inset of Fig. 66 across the 10 K PL spectrum. The large rise in lifetime 
with decreasing energy across the PL spectrum gives favorable evidence that the PL 
peak is due to radiative recombination of carriers localized at potential fluctuations. 
These potential fluctuations can be due to alloy disorder, interface irregularities, 
and/ or self formed "quantum dots" in the quantum well active regions. 
To elucidate the origin of the SE peak, we measured the selectively excited 
SE spectra from the MQWs. Fig. 67 shows the behavior of the SE peak as the 
excitation photon energy (Eexc) is tuned from above the band gap of the AlGaN 
cap layer down below the absorption edge of the InGaN active layers. As Eexc is 
tuned to lower energies, no noticeable change is observed in the SE spectrum until 
Eexc crosses a certain value, at which point the SE spectrum red shifts quickly with 
decreasing Eexc· The inset of Fig. 67 illustrates the SE spectra position change 
as a function of Eexc for the InGaN/GaN MQW with undoped GaN barrier layers, 
while the main part of Fig. 67 gives the behavior of the SE peak for the doped 
MQW whose data is presented in Figs. 66 and 68. · The SE peak position is seen to 
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be relatively insensitive to Eexc for energies higher than ~ 2.925 eV, but as Eexc is 
tuned below this value, the SE peak position is seen to redshift quickly. This red 
shift of the emission for excitation photon energies below a certain value is consistent 
with mobility edge behavior. This behavior was also observed in the spontaneous 
emission spectrum as the excitation photon energy was tuned below~ 2.98 eV. The 
increased presence of lower energy emission compared to the peak emission intensity 
observed in the spontaneous emission experiments (not shown) is explained as follows: 
When the excitation photon energy is higher than ~ 2.98 eV, the photo-generated 
carriers can easily populate the tail states by their migration, but their lifetimes are 
relatively short due to the presence non-radiative recombination channels. As Eexc 
is tuned below ~ 2.98 eV, their relaxation rate is significantly reduced due to the 
suppression of non-radiative recombination caused by the capture of the carriers in 
a small volume. This transition energy(~ 2.98 eV), therefore, defines the transition 
from extended states to localized states. Note that all states below ~ 3.1 eV are, 
in fact, band tail states. This transition is referred to as the mobility edge, as 
carriers below this energy are not free to migrate, but are instead spatially localized 
by large potential fluctuation. The iricrease inlifetime with decreasing Eexc results 
in increased radiative recombination from lower energy states. The behavior of the 
SE peak is due to enhanced population inversion at lower energies· as the carriers 
are confined more efficiently with decreasing Eexc· The "mobility edge" measured in 
SE experiments lies rv 110 meV above the spontaneous emission peak, rv 62 meV 
above the SE peak, and rv 185 meV below the absorption edge of the InGaN well 
regions. The location of the mobility edge with respect to the spontaneous and 
stimulated emission peaks indicates that large potential fluctuations are present in 
the InGaN active regions, resulting in strong carrier localization. This explains the 
efficient radiative recombination (stimulated and spontaneous) observed form these 
' 
structures as well as the low temperature sensitivity of the SE (see the previous 
sections) [6]. 
As a measure of the coupling efficiency of the exciting photons to the gain 
mechanism responsible for SE peak (2), the SE threshold (Ith) was measured as a 
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function of excitation photon energy. A comparison between this and the coupling ef-
ficiency obtained for the spontaneous emission peak measured by photoluminescence 
excitation (PLE) is given in Fig. 68, where 1/Ith is plotted as a function of Eexc to 
give a better measure of the coupling efficiency and afford an easier comparison to 
the results of PLE measurements. The detection energy for the PLE experiments 
is marked on the inset of Fig. 66. Four distinct slope changes are seen in the PLE 
spectrum. The first, at~ 3.12 eV, marks the beginning of the "soft" absorption edge 
of the InGaN active region, whereas the other three, located at ~ 2.96 eV, 2.92 eV, 
and 2.87 eV suggest varying degrees of localization. The change in 1/Ith at~ 3.1 eV 
is due to a decrease in the absorption coefficient below the absorption edge, and is an 
expected result. The change in 1/Ith at ~ 2.92 eV (indicated by the dotted line) is 
coincident with a slope change in the PLE spectrum and is attributed to a significant 
decrease in the effective absorption cross section for excitation photon energies below 
the mobility edge (indicated by the dashed-dotted line). The band filling maximum 
(shown by a dashed line in Figs. 66 and 68) is seen to correspond to the slope change 
at 2.875 eV in the PLE spectrum in Fig. 68. The inset of Fig. 68 shows the same 
con1parison over a wider energy range for both the Si doped and undoped MQWs. A 
strong correlation between the SE threshold and PLE measurements is clearly seen 
over the entire range for both samples. The correlation between the high density 
behavior presented here and the cw PLE results indicates that carrier localization 
plays a significant role in both the spontaneous and stimulated emission processes. 
Summary 
In summary, energy selective optically pumped stimulated emission from In-
GaN / GaN MQW structures has been studiedfor the first time to gain further insight 
into the gain mechanisms responsible for lasing in state-of-the-art blue laser diodes. 
A strong correlation was observed between the stimulated and spontaneous emission 
peaks studied. Mobility edge type behavior was observed with decreasing excitation 
photon energy for both the spontaneous and stimulated emission peaks. The "mo-
bility edge" measured in SE experiments was found to lie~ 110 meV and~ 62 meV 
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above the spontaneous and stimulated emission peaks, respectively, indicating the 
presence of large potential fluctuations in the QW active regions. The excitation en-
ergies at which significant changes are observed in the SE behavior are closely linked 
to features observed in the PLE spectrum of the main spontaneous emission peak, 
indicating that the recombination mechanisms are strongly related. The observed 
bandfilling effects with.increasing excitation density, the observation of mobility edge 
type behavior, and the strong correlation between the spontaneous and stimulated 
emission behavior as the excitation photon energy is varied provide strong evidence 
that localized carriers are respo:nsible for the gain associated with SE peak (2). 
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Figure 66. 10 K emission spectra for several excitation densities below and above the 
SE threshold. The·spectra were collected.in a surface emission geom-
etry frorri an InGaN /GaN MQW with a Si doping concentration of 
2 x 1018 cm-3 in the GaN barriers. The spectra have been normalized 
and displaced for clarity. The inset shows the effective recombination 
lifetime across the 10 K spontaneous emission spectrum. The dotted 
line is given only as a guide for the eye. The PLE detection energy is 
also given in the inset. 
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Figure 67. SE peak position. as a function of excitation photon energy, Eexc, for 
the InGaN/GaN MQW with a 2 X 1ois cm-3 Si doping concentration 
in the GaN bartiets. "Mobility edge" type behavior is clearly seen 
with deoreasing excitation photcm energy. . The solid lines are given 
only. as a guide for the ey(:). The .inset shows the redshift of the SE 
peak with decreasing Eexc as Eexc is tuned below the "mobility edge" 
for an InGaN/GaN MQW with undoped GaN barriers. The excitation 
photon energies for the given SE spectra are represented by the arrows 
in the inset. The dotted line in the inset is given as a reference for 
the unshifted SE peak position. The SE spectra have been normalized 
· and displaced vertically for clarity. 
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Figure 68. Inverse SE threshold as a function of excitation photon energy (solid 
squares) shown in comparison with the results of low power PLE exper-
iments (solid lines) for the Si doped (n = 2 x 1018 cm-3 ) InGaN/GaN 
MQW. The band filling maximum (dashed line) and "mobility edge" 
( dashed-dotted line) from the previous two plots are indicated for com-
pleteness. The dotted line shows the excitation photon energy at which 
the SE threshold is found to increase quickly with decreasing photon 
energy. The inset shows the same comparison over a wider energy 
range for both the undoped and Si doped InGaN/GaN MQWs, illus-
trating the similarities over the entire energy range. 
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Variable-Stripe Gain Spectroscopy of InGaN/GaN MQWs 
One of the best ways to understand the optical processes leading to SE and 
lasing in a semiconductor is to directly measure the spectral region in which gain 
exists and how it evolves as a function of excitation density. There are several ex-
perimental methods to measure this behavior. They include direct observation of 
net amplification in pump-probe experiments, extracting the gain curve from the 
luminescence as a function of excitation density [117], and extracting the gain curve 
by measuring the edge emitted amplified spontaneous emission as a function of am-
plification path length at a given excitation density [118], to name a few. We will see 
a little later in the text that the first option, while providing a lot of insight into the 
optical processes exhibited by these materials when highly excited, is not conducive 
to the observation and description ofoptical gain. The second option, while easily 
performed experimentally, relies on some basic·assumptions (that will be shown later 
in the text to be invalid) about the behavior of the band edge in order to extract 
gain curves. The later method, the variable-stripe method developed by Shaklee and 
Leheny [118], turns out to be a good choice for the measurement of optical gain in 
this material system, as it relies on nothing but the observation of amplification in 
the material with no initial assumptions about origin. 
Experimental Technique and Results 
In these experiments, the MQWs. were optically excited in an edge emission 
. . . 
geometry by the third harmonic of a Q-switched, injection seeded Nd:YAG laser 
(355 nm) operating at 10 Hz with a 4 ns FWHM pulse width. The excitation 
length of the pump beam was varied precisely using a mask connected to.a computer 
controlled stepper motor with better than 0.5 µm line'.'1r resolution. The spontaneous 
luminescence is amplified (stimulated luminescence) as it passes through the crystal · 
volume excited by the pump beam. The emission is collected from the edge of the 
sample and coupled into either a 1/ 4 meter or a one meter spectrometer ( depending 
on the resolution and spectral range required) and spectrally analyzed using a UV 
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enhanced, gated CCD. If the net gain, g(>..), experienced by ·the light in the crystal 
for a certain photon energy is given by: 
g(>..) = g'(X) - a(>..) (given in cm.:...1) (37) 
where a(J..) is the background absorption coefficient and g'(X) is the absolute gain 
for the given spectral region, then the intensity of the light emitted fn;:>m the sample 
edge is given by: 
C(X) 
I(l, >..) = g(X) [exp {g(X) · l} - 1] (38) 
where C(>..) is a constant that takes into account the cross sectional area of the 
excited volume and the spontaneous emission rate per volume, and l is the excitation 
. . . . . ' 
( amplification) length. Of particular interest is the situation in which l is varied from 
L to 2L (where Lis typically on the order of several lOO's of µm). In this case, the 
gain coefficient is given by: 
(>..) = l [I(2L, X) _ l] /L 
g n I(L, X) · (39) 
This technique is particularly conducive to extracting the gain spectrum when using 
an array-type detector. By accumulating a spectrum at L and 2L and analyzing 
· the data using equation. 39, we immediately obtain the gain spectrum for a given 
excitation density. We note that the experiment requires that the emission not be sig-
nificantly spectrally narrowed, as. occurs for Iexc above Ith at long excitation lengths . 
. We want to be in the experimental region where gain and amplification exists in the 
material, but the photons are not amplified along a long enough path to significantly 
. . . 
narrow the spectra .. For these conditions we observe amplified spontaneous emission 
(ASE) from the edge of the sample. These conditiqns occur in these materials for L 
on the order of a few lOO's of µm. To get a feel for how heavily the samples were be-
ing pu~ped, the SE threshold was measured fo! long excitation lengths (L ~ 1 mm) .. 
This value was used as a reference pumping level, of course, keeping in mind that Ith 
is a strong function of excitation length (see previous sections). 
The modal gain curves measured in these experiments are shown in Fig. 69 
forL = 100 µm. We see that the crossover from gain to absorptibn blueshifts sig.., 
nificantly with increasing Iexc· This can be understood by considering the model 
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introduced in Chapter 2 for gain originating from ERP recombination. With in-
creasing optical excitation, the level of filled states in the conduction band increases 
and the number of empty states in the valence band increases, leading to an increase 
in the quasi-Fermi level separation. This directly leads to a blueshift in the crossover 
point with increasing Iexc· While the ERP model presented in Chapter 2 was for 
an ERP originating fr?m free carriers and for parabolic bands, the concepts for gain 
curve construction can still be used even though the gain we observe originates from 
carriers localized· at potential fluctuations (band tail states). The origin of gain is 
seen more clearly in Fig. 70, where the modal gain has been superimposed on the 
band edge measured by PLE. We see the peak of the gain curve is redshifted by 
more than 25 nm (~ 182 meV) with respect to the band edge of the InGaN ac-
tive layers. This, combined with the other experimental observations discussed in 
this chapter, gives compelling evidence for gain arising from localized states in this 
material system. 
Summary 
In summary, variable stripe gain measurements have been performed on In-
GaN / GaN MQWs. The gain spectra for various optical excitation densities were 
obtained. The gain spectra show clear spectral broadening to higher energy with 
increasing optical excitation. This behavior is attributed to filling of localized states 
with increasing optical excitation and indicates that optical gain originates from 
localized states in these materials. 
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Figure 69. 10 K modal gain spectra of an MOCVD-grown InGAN/GaN MQW 
measured using the variable-stripe method of Shaklee and Leheny 
[118]. Large broadening to higher energy resulting from increased 
quasi-Fermi level separation is seen with increasing optical excitation. 
The excitation densities are given with respect to the SE threshold, 
Ith, measured for long excitation lengths. 
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Figure 70. 10 Kmodal gain spectra overlaid on the band edge of the InGaN active 
· region measured by PLE for an MOCVD-grown InGaN/GaN MQW. 
The excitation densities are given with respect to the SE threshold, 
Ith, measured for long excitation lengths. 
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Nondegenerate Optical Pump-Probe Spectroscopy of InGaN/GaN MQWs 
Nanosecond non-degenerate optical pump-probe experiments have been per-
formed on InGaN thin films and InGaN/GaN multiple quantum wells. Bleaching of 
band tail state absorption was observed· with increasing excitation density (Iexc) of 
the pump pulse. The dynamics of the bleaching was found to depend on the local-
ization depth of the band tail states and on lexc· With high Iexc, large blueshifts in 
the spontaneous emission luminescence peaks were also observed, the magnitude of 
which was again found to depend on the localization depth ofthe band tail states. 
Stimulated emission is observed from the samples with increasing Iexc and correlates 
with significant changes in the behavior of the absorption bleaching. The observed 
bleaching dynamics of the band tail states are well explained by considering the effec-
tive lifetime of the bandtail states as measured by time-resolved photoluminescence 
experiments. 
Motivation 
The ternary compound InGaN is of great scientific interest for its applications 
in UV-blue-green an white light emitting diodes [74] and UV-blue laser diodes [103]. 
The difficulties associated with indium incorporation in these materials results in 
a non-random alloy [119] and the presence of potential fluctuations. This, in turn, 
results in carrier localization, which has been studied in the low excifation density 
regime by a number of authors in a variety oflnGaN based structures [66], [106],[120], 
[121], [122], [123], [124], [125], [126], [107], [67]. Experiments performed at carrier 
densities at which working devices operate have predominantly been concerned with 
the observation and characterizatibn of stimulated emission (SE) [127], [108] and 
optical gain [108], [128], [61], [111}, [127], [110], [113], [112] as a function of exci-
tation and/ or temperature. Other types of experiments performed at these carrier 
densities, though, are few [68], [129], [103]. In this section, we present the results of 
a systematic study of InGaN/GaN multiple quantum wells (MQWs) under the con-
ditions of strong optical pumping and have compared the results to those obtained 
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from a thin InGaN layer of comparable average indium composition. The results of 
nano.second non-degenerate optical pump.:.probe experiments, gain spectroscopy, and 
excitation density dependent emission studies have been combined with the results 
of low power photoluminescence (PL), PL excitation (PLE), and time-resolved PL 
(TRPL) experiments to gain a better understanding of the recombination mecha~ 
riisms of this material. 
Experimental Technique and Results 
The InGaN/GaN MQW used in this study had n = 2 x 1018 cm-3 Si doping 
in the GaN barrier layers. The In0.18Ga0.82N layer used for comparison in this study 
was grown by MOCVD at 800 °C on a 1.8 µ:tn thick GaN layer deposited at 1060 °C 
on c-plane sapphire. The Ino.1sGa0.82N layer was 0.1 µm thick· arid was capped by a 
0.05 µm GaN layer. The average In composition was measured using high-resolution 
x-ray diffraction and assuming Vegards law. We note that the actual lnN fraction 
could be smaller due to systematic overestimation when assuming Vegards law in 
this strained material system [86], [87). 
Figure 71 shows the relevant 10 K spectra for (a) the lnGaN/GaN MQW and 
(b) the InGaN epilayer. Note that the x-axis of (b) covers half that of (a). We see 
the low power spontaneous emission peak ( dashed line) is significantly Stokes shifted 
for both samples with respect to the absorption edge measured by low power PLE 
. spectroscopy (solid line). The band tail states responsible for the "soft" absorption 
edge are seento besigruficantly larger inthe. MQW tµan in the epilayer, as is the 
resulting Stokes shift of the spontaneous emission peaks. Representative SE spectra 
are also given in Fig. 71' (solid line) for Iexc = 1.5 Ith 0th is defined here as the SE 
threshold) and an excitation spot size of~ 100 x 5,000 µm. -We see that the SE 
peak is situated at the end of the absorption tail for both samples. The SE is seen 
to occur on the high energy side of the low power spontaneous emission peak for 
the MQW and on the low energy side for the epilayer. The modal gain measured 
using the variable stripe excitation method of Shaklee and Leheny [118] (see the 
previous section) is also shown in Fig. 71 (dotted line) for excitation lengths less 
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than 200 µm and Iexc >> Ith· The 3rd harmonic (355 nm) of an injection seeded 
Nd:YAG (yttrium aluminum garnet) laser was used as the excitation source(;::::: 5 ns 
FWHM, 10 Hz repetition rate). The modal gain maxima are 250 and 150 cm-1 for 
the MQW and epilayer, respectively. We see that the SE peak for long excitation 
lengths (> 5,000 µm) is situated on the low energy tail of the gain curve measured 
for small excitation lengths ( < 200 µm). This is explained by gain and absorption 
competition in the band tail region of this alloy, where gain saturation with longer 
excitation lengths combined with the background absorption tail leads to a redshift 
of the SE peak with increasing excitation length. This effect has been observed by 
other research groups [128], [61], [111], [127], [110], [113] and has been studied in 
detail by the author [64] (see Section 2 of this chapter). The modal gain spectrum 
for the MQW is seen to be significantly broader (;::::: 24 nm FWHM) than that of the 
epilayer (;::::: 7 nm FWHM), although both are peaked significantly below the onset 
of the "soft" absorption edge. 
Figure 72 shows the results of TRPL experiments. A rise in effective recom-
bination lifetime ( r) with increasing temperature from 10 K to ;::::: 50 K, rising from 
14.4 ns (0.8 ns) at 10 K to 18.8 ns (0.88 ns) at 50 K for the MQW (epilayer), 
is clearly seen, indicative of recombination dominated by radiative recombination 
channels. For T > 50 K, r decreases with increasing temperature, from 18.8 ns 
(0.88 ns) at 50 K to;::::: 11.7 ns (;::::: 0.16 ns) for temperatures exceeding,....., 175 K, 
indicating the increasing dominance of non-radiative channels in the recombination 
process [130]. The lifetimes given above are for the peak wavelength of the sponta-
neous emission spectrum,. We note that the MQW has a significantly larger r than 
the epilayer for all temperatures studied (10 K to 300 K), and the lifetimes of both 
are significantly larger than that of GaN epilayers and heterostructures [131], [35]. 
This is attributed to suppression of non-radiative recombination by the localization 
of carriers at spatial alloy composition fluctuations. This localization is evidenced in 
the rise of the effective lifetime with increasing emission wavelength across the 10 K 
PL spectrum, from 7.5 ns at 436 nm to 18 ns at 446 nm for the MQW, and from 
0.62 ns at 410 nm to 1.0 ns at 424 nm for the epilayer. The differences in T between 
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the two samples indicate that the potential fluctuations localizing the carriers are 
significantly smaller in the epilayer than in the MQW. 
Figure 73 shows the evolution of the spontaneous emission with increasing 
pump density for (a) the MQW and (b) the epilayer. Note that the horizontal scales 
are different for (a) and (b) but cover the same spectral width (60 nm). The spectra 
shown in Fig. 73 were collected in a surface emission geometry to minimize the effects 
of re-absorption on the emission spectra. The pump spot size was rv 1 mm2 and the 
excitation wavelength was the 3rd harmonic of the Nd:YAG laser described above 
(355 nm). The blueshift of the spontaneous emission with increasing lexc is attributed 
to band filling of localized states. We see the Iexc induced blueshift is significantly 
larger for the MQW than the epilayer (~ 12 nm for the MQW compared to.~ 2 nm 
for the epilayer), further indicating that the potential fluctuations are significantly 
larger in the MQW than in the epilayer. For large enough lexc, we observe that the 
blueshift of the spontaneous emission with increasing lexc stops, and that further 
increases in Iexc result in the observation of SE, indicated by the arrows in Fig. 73. 
The SE peak is seen to grow out of the low-energy wing of the fully blueshifted 
spontaneous emission peak for. both samples. 
Figure 74 shows the results of nanosecond non-degenerate optical pump-probe 
experiments performed on (a) the InGaN/GaN MQW and (b) the InGaN epilayer. 
In these experiments, the 3rd harmonic of the Nd:YAG laser described above (355 
nm) was used to synchronously pump the individual samples and a dye solution. 
The superradiant emission from the dye solution ( covering the entire spectral range 
of the localized states) was collected and focused onto the samples, coincidental with 
the pump beam. The intensity of the probe was kept several orders of magnitude 
lower than the pump beam to avoid any nonlinear effects due to the probe. The spot 
size of the probe was kept at rv 1/3 that of the pump to minimize the role of varia-
' 
tions in the pump intensity across the excitation spot. The transmitted (broadband) 
probe (with and without the pump beam) was then collected and coupled into a 
1/4- meter spectrometer and spectrally analyzed using a UV enhanced, gated CCD. 
Absorption bleaching of band tail states is clearly seen in Fig. 74 for (a) the MQW 
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and (b) the epilayer with increasing excitation density, where the bleaching is seen to 
cover the entire spectral range of the absorption tails of the samples. The bleaching 
is peaked at ,...._, 410 nm for both samples, but is spectrally much broader for the 
MQW, consistent with its increased absorption tail. We note that the maximum in 
the absorption bleaching is significantly blueshifted with respect to the luminescence 
maximum for both samples. This is explained by the intraband relaxation of the 
localized carriers, where the carriers are created with energies above the mobility 
edge (see the preceding section), but are quickly caught in the potential wells and 
localized. Further intraband relaxation at low temperatures can now only occur by 
means of phonon-assisted tunneling to a (deeper} neighboring potential well or by 
further relaxation to lower energy states within the same well until the potential 
minima are reached. The radiative recombination of these localized states is ex-
pected to be mainly from these potential minima. An interesting difference between 
the two samples is the behavior of the absorption bleaching as the SE threshold is 
exceeded. As the pump density is increased, the bleaching is observed to increase for 
both samples, but as the SE threshold is exceeded, the bleaching of the MQW tail 
states is seen to decrease significantly with increasing excitation, while the bleaching 
of the epilayer tail states continues to increase with increasing excitation density. 
This is shown in Figs. 74(a) and 74(b), where the dotted and dashed lines show 
the bleaching spectra for excitation densities below the SE threshold and the solid 
lines show the bleaching spectra for excitation densities above the SE threshold. 
The differences in behavior are explained by considering the recombination lifetimes 
given above. Although radiative recombination from these samples occurs from the 
potential well minima, localized states of higher energy are temporarily occupied as 
the carriers excited by the pump beam relax, resulting in the observed bleaching 
peaked at higher energy than the luminescence maximums. The bleaching of the In-
GaN / GaN MQW decreases for excitation densities above the SE threshold because of 
the fast depopulation ofthe states from which the SE originates. This results in the 
localized carriers with energies above the SE peak now having a much greater num-
ber of available lower energy states, this in turn results in a decrease in the localized 
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states occupied at higher energies and therefore a decrease in the observed bleaching 
for excitation densities above the SE threshold. This behavior has been previously 
observed in other materials where intrinsic disorder through compositional fluctua-
tions has lead to the same carrier localization observed here [132]. The absence of the 
absorption bleaching decrease for excitation densities above the SE threshold in the 
InGaN epilayer results from its short recombination lifetime (:=:::: 0.8 ns) with respect 
to the pump pulse ( :=:::: 5 ns FWHM). Therefore, the recombination lifetime for the 
epilayer is always significantly shorter than the pump pulse; leading to no noticeable 
reduction in the relaxation dynamics of the higher energy localized states as the SE 
threshold is exceeded, and, therefore, no noticeable change in the bleaching behavior 
· is observed. The modal gain sh~wn in Figs. 71{a)'and 71{b) (dotted lines) is seen 
to correspond spectrally with. the low energy t~il of the localized state absorption 
bleaching, with the crossover from absorption to gain corresponding approximately 
with the maximum in the observed bleaching for both samples; indicating that the . 
gain originates from the localized states. 
Summary 
In summary, nanosecond non-degenerate optical pump-probe experiments have 
been performed for the first time on InGaN/GaN MQWs and InGaN epilayers and 
the results have been combined with the results of low power PL and PLE experi-
ments, TRPL studies, modal gain studies, and excitation density dependent studies 
of the spontaneous and stimulated emissio~. T.he experi,mental results show that the 
carriers responsible for spontaneous and stimulated emission share the same relax-
ation channels and illustrates the dominance of loc~lized.state recombination, both 
stimulated and spontaneous, in the low temperature emission spectra of InGaN based 
systems. 
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Figure 71. 10 K PLE (solid lines) and PL (dashed lines) spectra from (a) an In-
GaN/GaN MQW and (b) an InGaN epilayer. Both were grown by 
MOCVD on (0001) oriented sapphire. The SE spectra for long excita-
tion lengths have been superimposed, as have the modal gain spectra 
(dotted lines). The maximum modal gain is 250 and 150 cm-1 for the 
MQW and epilayer, respectively. 
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Figure 72. Effective recombination lifetime as a function of temperature for (a) an 
InGaN MQW and (b) an InGaN epilayer, as measured by TRPL. The 
insets show the rise in the effective recombination lifetime across the 
10 ·K spontaneous emission spectra. 
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Figure 73. 10 K emission spectra as a function of excitation density for (a) an 
InGaN/GaN MQW and (b) an InGaN epilayer showing band filling of 
localized states with increasing optical excitation. The .emission w~ 
collected in a surface emission geometry. The SE threshold, Ith, for 
the MQW and epilayer was measured to be~ 170 and 130 kW /cm2 , 
respectively, for the experimental conditions. 
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Figure 74. 10 K nanosecond nondegenerate optical pump-probe differential absorp- · 
tion spectra for an InGaN/GaN MQW and (b) and InGaN epilayer as 
. a function of excitation density, lexc· Absorption bleaching (~a neg-
ative) of band tail states is clearly seen with increasing lexc· ~a(Iexc) 
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Summary 
We have seen in the previous sections that SE from InGaN/GaN MQWs differs 
significantly from that of GaN and AlGaN thin films. The emission was shown to be 
strongly dependent on the experimental conditions (i.e. on excitation length) and 
two different SE peaks were observed with very different characteristics. These two 
SE peaks were shown to compete for gain in the material. The higher energy SE peak 
was shown to actually be the statistical average of a multitude of spectrally narrow 
( <0.1 nm FWHM) SE peaks. These emission peaks were shown not to spectrally 
broaden as the temperature was raised from 10 K to 575 K. The average peak position 
of this higher energy SE peak was shown to redshift greatly ( ~ 5 nm) with increasing 
excitation length. This redshifting behavior was attributed to gain and absorption 
competition in the band tail region of these materials, where gain saturation at 
longer excitation lengths combined with the background absorption tail leads to the 
observed redshift with increasing excitation length. The temperature dependence of 
the SE threshold of this higher energy SE peak was shown to be consistent with that 
of GaN, indicating that the rise in the SE threshold with increasing temperature is 
dictated by the (nonradiative) recombination mechanisms of the base material, GaN. 
The SE threshold was shown to be significantly lower for InGaN MQWs (typically 
by more than an order of magnitude) than GaN films, but of the same order as that 
of InGaN films. The above behavior is consistent with stimulated recombination 
of highly localized carriers, such as is found in self formed quantum dots. This 
localfzation is attributed to difficulties in uniform indium incorporation leading to 
large potential fluctuations in InGaN epilayers and MQWs. The degree of localization 
is, of course, dependent on the sample growth conditions and sample structure .. 
The lower energy SE peak observed for longer excitation lengths and/ or higher 
excitation densities was shown to exhibit "mobility edge" type behavior with de-
creasing excitation photon energy. This SE peak was also shown to affect the relax-
ation dynamics of band tail states as observed in nanosecond non-degenerate optical 
pump-probe experiments. The above behavior indicates this lower energy SE peak 
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originates from stimulated recombination of localized band tail states in the InGaN 
active regions. As such, both SE peaks are attributed to stimulated recombination 
of localized carriers. The localization of the carriers responsible for the lower energy 
SE peak is most likely smaller compared to that responsible for the higher energy SE 
peak. The onset of the lower energy SE peak was shown to affect the SE behavior 
of the higher energy SE peak, indicating the two SE peaks compete for gain in the 
InGaN active regions. 
The results of this chapter are summarized in Fig. 75. We see that the crossover 
from absorption to gain in the fully blueshifted modal gain spectrum corresponds 
spectrally to the maximum in the band tail state bleaching. The mobility edge 
measured in quasi-cw PL experiments is also seen to roughly correspond to. the 
maximum of the band tail state bleaching. The "mobility edge" measured in SE 
experiments on the lower . energy SE peak is seen to correspond spectrally to the 
maximum of the fully blueshifted modal gain spectrum. SE, shown to occur over a 
wide spectral region, is seen to start at the maximum of the fully blueshifted modal 
gain spectrum and extend over a large region of the low energy tail of the spectrum. 
The mobility edge measured in the quasi-cw experiments locates, by definition, the 
crossover point from extended to localized band tail states. The correlation between 
this point and the maximum of the band tail state bleaching adds further evidence 
for this model. The correlation between the gain spectrum and the low energy tail 
of the. band tail state bleaching indicates the optical gain originates from localized 
band tail states. The large spectral width Of the. gain and band tail state bleaching 
spectra, and the wide range of photon energies at which SE is observed indicate a 
large variance in the degree of localization present in the InGaN active regions. The 
fact that the "mobility edge" measured for the lower energy SE peak corresponds 
to the maximum of the modal gain spectrum further indicates the two separate SE 
peaks are related in their origin. 
The results presented here give strong evidence that gain arising from localized 
states is present in this material system and is responsible for the observed SE peaks 
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and their behavior. The carrier localization arises from difficulties in uniform indium 
incorporation and is a result of large potential fluctuation in the InGaN active layers. 
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Figure 75. Summary of observed behavior ofhighly excited lnGaN/GaN MQWs. 
The modal gain spectrum (heavy solid line) for Iexc ~ l5·lth is overlaid 
on the band tail state bleaching spectrum measured inpump-probe ex-
periments. The crossover from absorption.to gain is seen to correspond 
to the maximum in the absorption bleaching spectrum. The mobility 
edge measured in quasi-cw PL measurements . ( dashed-dotted line) and 
SE experiments ( dashed line) are given for reference, as is the spectral 
range over which SE was observed (dotted lines). 
CHAPTER VII 
SUMMARY 
The wide band gap group III nitride semiconductors are technologically im-
portant materials due to their applications in UV-blue light emitting devices and 
detectors. Although commercialization of blue laser diodes based on the ternary 
nitride compound InGaN is predicted to occur in the very near future, very little 
information exists on the high excitation optical properties of this material system. 
This thesis serves to considerably extend the knowledge base of the optical properties 
of these materials in their highly excited state. This . thesis contains the first high 
temperature stimulated emission (SE) and lasing studies of GaN and the follow-up 
work that demonstrated SE in GaN up to 700 K without noticeable sample degra-
dation. This is the highest temperature for SE ever reported in a semiconductor 
system, and opens up the door for novel high temperature optoelectronic devices 
based on the group III nitrides. It also includes the first demonstration of extremely 
large band gap nonlinearities in GaN, including the observation of extremely large 
band gap renormalization and a resulting large increase in the below-gap absorption 
coefficient with increasing photo-generated free carrier concentration. It goes on to 
fully describe the optical phenomena associated with this renormalization, illustrat-
ing the potential uses of GaN in optical switching applications. The contents of this 
thesis also include the first observation of deep UV SE from AlGaN, with a room 
temperature SE wavelength as low as 327 nm, the ·shortest room temperature SE 
wavelength ever reported from a semiconductor. The potential applications for deep 
UV lasers based on this material include a myriad of medical applications, where a 
compact short wavelength laser would satisfy the needs of many applications, both 
known and presently unrealized. 
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This thesis, after some general background information, started with a complete 
description of SE from GaN over the temperature range from 10-700 K. It included 
a designation of the gain mechanisms responsible for SE in this material and the 
temperature range in which they exist. It has shown exciton-exciton scattering to be 
the dominant near threshold gain mechanism for the temperature range from 10 K 
to approximately 175 K and electron-hole plasma recombination to be the dominant 
gain mechanism for temperatures above approximately 175 K as well as for higher 
excitation densities at the lower temperatures. It also contains a comparison of 
the SE properties of AlGaN and InGaN with GaN. It shows that AlGaN has very 
similar SE behavior to GaN, although exciton-exciton scattering was shown not to be 
a dominant gain mechanism for any temperature. The SE properties of InGaN were 
shown to be markedly different than GaN and AlGaN. The emission from InGaN, 
both spontaneous and stimulated, is shown to result. from radiative recombination 
of carriers localized at potential fluctuations in the InGaN.layers. This results from 
difficulties in achieving uniform In incorporation during the growth process. 
This thesis then went on to describe how the near band edge optical transitions 
in GaN and InGaN evolve with increasing concentrations of photo-generated free 
carriers through nondegenerate optical pump-probe spectroscopy. The band gap of 
GaN was shown to shift to lower energy with increasing optical excitation, resulting 
in extremely large values of induced absorption in the spectral region in which gain 
was expected. This band gap renormalization was shown to exhibit a characteristic 
build up and decay time consistent with screening by carriers trapped at deep levels. 
This renormalization was shown to only be induced by above gap optical excitation. 
It was also shown to be absent in InGaN thinfilms, explaining, in part, why InGaN 
typically exhibits a markedly lower stimulated emission threshold than GaN and 
AlGaN. The results of this study shows that a complex relationship exists between 
gain and induced absorption in GaN thin films and suggests new uses for GaN in 
optical switching applications. Pump-probe spectroscopy was also used to show at 
what optical excitation densities excitons were dissociated due to scattering and 
screening by free carriers. The results indicate that excitons are no longer present 
in highly excited GaN for excitation densities a few times the SE threshold at 10 K, 
indicating that EHP recombination dominates at these high excitation densities, even 
at cryogenic temperatures. 
The most extensive chapter of this thesis is concerned with the optical prop"' 
erties of highly excited InGaN/GaN multiple quantum well blue laser structures. 
This work was undertaken to substantially add to the knowledge base of the high 
excitation density optical properties of these technologically important structures. 
This chapter included the results of several unique studies, including "energy se-
lective" optically pumped SE studies, excitation length dependent SE studies, and 
nondegenerate optical pump-probe studies, combined with traditional temperature 
dependent SE and variable-stripe modal gain studies. These studies, when com-
bined, provide a unique and extensive overview of the optical processes leading to 
SE and gainin these structures. The observed behavior is shown to differ greatly 
from traditional gain mechanism in direct gap semiconductors and is attributed to 
stimulated recombination of carriers localized at potential fluctuations in the InGaN 
active layers. 
There are, of course, many things that are still unknown about the optical 
properties of the group III nitrides, but this work has served to chip away at some 
of the unknowns. This is evidenced by the number of publications and presentations 
that have grown out of these studies over the past several years. With a little 
luck, this will continue to be the case in the future. Better insight into the optical 
phenomena associated with SE and lasing in the group III nitrides is important, 
not only for general physical insight, but also (and most immediately) as an aid in 
designing viable laser devices. With this said, I end this chapter in my life. 
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APPENDIX A 
POLISHING CAVITY FACETS FOR GROUP-III NITRIDE LASER 
STRUCTURES 
Since Johnson et al. first synthesized GaN in 1928 [133], a great variety of 
experiments have repeatedly indicated that GaN is an exceedingly stable compound 
of significant hardness. In fact, this chemical stability at elevated temperatures and 
hardness have made GaN an attractive material for protective coatings. However, 
due to its wide band gap, it is also an excellent candidate as a material for devices 
required . to operate at elevated temperatures and/ or in caustic environments. In 
fact, the majority of research conducted on GaN is aimed towards its semiconductor 
device applications, as is the subject of this monograph. While the thermal stability 
of GaN may aid in freedom in high temperature processing, its chemical stability 
and hardness present a technological challenge for device processing and fabrication. 
Conventional wet etching techniques typically used in semiconductor processing are 
not successful for GaN device fabrication. In particular, when GaN is grown on 
(0001) oriented sapphire, it is not cleavable. This, combined with a lack of convenient 
etching procedures and GaN's great hardness make facet formation for laser diodes 
difficult. To aid in our studies on the lasing properties of the group III nitrides, 
a mechanical polishing technique was developed to obtain good quality, repeatable, 
facets in laser structures. 
Before You Begin 
The following procedure assumes that you have sectioned the epilayers into 
suitable sizes for polishing of the edge facets. This is typically accomplished using a 
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diamond saw (such as Buehler Isomet© or equivalent): Typical sample sizes after 
sectioning are 2 x 5 x 0.4 mm, where the 0.4 mm dimension is the thickness of 
the substrate and the 2 mm dimension is the cavity thickness you will start with 
before reducing this dimension through polishing. Typical final cavity lengths after 
polishing are around 0.4 mm, so the 2 mm starting thickness allows us to remove 
enough material so that we are past the region of cutting induced damage and stress. 
Sectioning itself requires a little practice, but with a little practice and a steady hand 
acceptable results can be obtained. The cutting procedure is not given here because 
of length considerations, and a suitabl~ technique is left as· an exercise for the reader. 
As for polishing, the quality that most leads to success when preparing these cavity 
facets is patience, the more of it the better. 
Squeaks 
If at any point during the polishing procedure you hear a squeak, stop polish--
ing immediately and. check the samples (preferably under a microscope)! Squeaks 
are most often caused by pieces .of sample or -braces that have chipped off and are 
scratching the sample surface. Wash the samples, polishing setup, and polishing disk 
before resuming polishing. Squeaks are also on occasion caused by the rollers that 
keep the polishing jig on the polishing plate. If you determine this to be the case, 
a little lubricant applied to the wheel's axle will remedy the situation. Throughout 
the following procedure, your best chance for success is to be careful and patient. 
Adjusting the Guide Roller Position 
Every time a different polishii:1g plate is used, the height of the guide rollers will 
have to be adjusted to guide the polishing jig on the polishing plate correctly. Use 
the two alien bolts on the left side of the polishing rig to adjust the rollers' height 
and azimuthal angle. Adjust the position at which the jig is held on the polishing 
plate by loosening and retightening the pivot bolt above the rollers ( not their axle 
bolts). When properly positioned, the rollers should hold the jig so that its outer 
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edge lines up with the outer edge of the polishing plate. This ensures that the plate 
does not become concave as it wears. These adjustments are necessary because the 
polishing plates were custom made to our specifications by the Physics and Chemistry 
Instrument Shop at OSU. They tend to differ in height and diameter (slightly) from 
plate to plate, especially when going from· one plate material to another (i.e. from a 
copper plate to a tin plate). 
Adjusting the Polishing Pressure 
Through trial and error, we have arrived at an optimal polishing pressure of 
approximately 300 g/cm2• Sapphire is tYPically polished at 100 g/cm2, so our value 
is in reasonable agreement. We are,. of course, polishing a thin layer ( on the order of 
several µm) grown on sapphire {or SiC}, so our condi~ions area little different. To 
adjust the pressure exerted on the samples by the polishing jig, turn the load adjust-
ment screw on the polishing jig, see Fig. 76. Turning the ring clockwise to increase 
pressure and counter-clockwise to decrease pressure. To get the right pressure, first 
turn the adjustment screw all the way clockwise until the full weight of the polish-
ing jig is on the sample (approximately 1,500 g). Then, loosen the shaft set screw 
and re-tighten it when the collar that compresses the spring just barely rests on the 
spring. The pressure is then adjusted by turning the spring adjustment screw up N 
turns, where N is given by {6-N){1500 g)/A = 300 g/cm2 , where A is the combined 
area of the samples and braces (in cm2) to be polished. It takes 6 turns up on the 
spring adjustment to lift the samples off of the polishing disk (zero pressure), and 
zero turns leaves the full 1500 g on the samples. If the samples {including braces) 
seem brittle and are chipping off at an unacceptable rate, decrease the pressure to 
around 200 g/cm2 • 
Monitoring the Sample Thickness 
The best way to. monitor the thickness of the samples is to use the depth of 
focus of an optical microscope. Position and align the sample the same way on 
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the microscope each time to ensure a consistent thickness measurement. Do not 
rely on the stock removal indicator on the polishing jig to monitor the thickness 
accurately. It is good for an estimate of stock removal during grinding and the first 
steps of polishing, but becomes increasingly less accurate as the surface finish of the 
samples improves. This is because it measures the thickness relative to the feet of 
the polishing jig, which polish at about the same rate as the samples during the later 
stages of polishing. 
Calculating Particle Size From Mesh 
Often the diamond particle size is given in mesh, not in µm. To convert from 
mesh to µm, use the following formula: 
D ( ) . --·. ··( 2.54 ). 104 iameter in µm 
mesh 
(mesh is defined as the reciprocal of the particle diameter in inches). Dissolve the 
diamond paste in OptiClear© solvent (water will not dissolve the paste to an ac-
ceptable uniformity). We have found that about l gram of diamond paste dissolved 
in 500 ml of OptiClear© gives Optimal results. 
Avoiding Cross-Contamination 
Cross-contamination of the polishing plates is potentially the biggest source of 
poor polishing results. This occurs when larger diamond particles are transferred to 
a polishing plate of smaller diamond size due to improper cleaning of the equipment 
between polishing steps. This contamination is often irreversible and only the intro-
duction of a new, clean polishing plate can remedy the situation. This is obviously 
a situation one wants to avoid, especially since the plates are often custom made, 
To ensure no cross-contamination occurs, clean all equipment well when switching 
polishing plates. This includes the sample surface, the polishing jig itself (being 
especially careful about cleaning the conditioning ring), all materials that come in 
contact with the diamond/OptiClear© solution, and any other equipment/surfaces 
that may come in contact with the polishing plate. It is equally important not to 
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contaminate the diamond/OptiClear© solution itself when mixing it up by making 
sure the container (squeeze bottle) is clean and does not come in contact with larger 
diamond particles. On a related note, make sure all bottles of diamond/OptiClear© 
solution are well marked. 
Mounting Samples for Polishing 
The following procedures are the end result of a lot of trial and error exper-
iments on sample mounting. Since we are polishing the edge facets of thin films 
( on the order of several µm) to a high degree of parallel and surface quality, we do 
not want to damage the resulting facets when dismounting the samples from the 
polishing mount. This requires that the glue used to bond the samples to the mount 
be dissolvable in a common ( and preferably relatively safe) solvent, such as acetone. 
There are plenty of acetone based glues on the market, but none were found to ad-
here the samples to the mount adequately during the polishing routine. For this 
reason, we were forced to use two types of glue to bond the samples to the mount: 
an acetone based one to bond the samples to the mount, and a 2-Ton epoxy overlaid 
on the other for all around bonding of the sample and support braces to the mount. 
When done properly, only a thin region where the samples contact the mount and 
support braces is bonded with the acetone based glue while the support braces are 
bonded with the 2-Ton epoxy. We found Duco© cement served our purpose best of 
all the acetone-dissolvable glues we tried. 
The samples and support braces are mounted on.a porous substrate to ensure 
the samples lie parallel with the polishing jig surface. The porous substrate allows 
the glue to seep into the pores of the substrate and the sample to fit flush with the 
substrate surface, allowing a. high degree of facet parallelness in the resulting laser 
cavity. 
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Grinding the Porous Substrate Flat 
With hot wax ( Crystal Bond© from Buehler), glue a 25 x 25 mm porous 
substrate slab to the polishing jig. Adjust the load adjustment screw to prov1de the 
maximum load (1500 g) on the porous substrate slab. Grind the porous substrate 
fl.at and parallel to the polishing jig surface using first the 70 µm diamond embedded 
steel disk and then the 30 µm diamond embedded steel disk.· This is a very important 
step in that it ensures the sample will be polished fl.at with parallel facets required 
for lasing. After the grinding, the pores. in the substrate should still be open so the 
samples to be mounted will adhere well and sit fl.at. Do not grind so much that the 
pores are mostly filled· with the mounting wax. After grinding, clean the jig and 
substrate well with water. Dry thoroughly using compressed air. This will also force 
the water out of the pores of the S11bstrate. 
Gluing the Samples to the Braces· 
The samples to be polished must be held tightly between sapphire ( quartz can 
. . 
be substituted with acceptable results)· braces so the diamond polishing particles will 
not impact the edges of the sample, but will instead roll over the edges. The braces 
must have fl.at surfaces .to contact well with and protect the GaN layer(s). They 
should also be at least as thick as the starting cavity length to provide pro~ection 
during the initial grinding process. Use the clamping equipment to tightly press the 
braces together ·with thE;l samples in between, as illustrated in Fig. 77(a). It works 
well to do this step on a glass microscope slide. Smearing the glass slide with a 
. . . . 
very thin films of grease will ensure the pieces do not stick to it during the glue-up 
process. Yoµ .should use a thin film of Duco© cement to join the sample surfaces 
to the braces. After the ,Duco@ cement has set Up, the samples and braces (still 
clamped together) can be glued to the porous substrate from the previous step using 
the Duco© cement and the 2-Ton epoxy. The Duco© cement is used in the region 
in contact with the samples and the 2-Ton epoxy is used everywhere else, as shown 
in Fig. 77(b). Use a very thin layer of the Duco© cement so it isn't squeezed into 
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other areas when the porous substrate is pressed on the samples/braces. Press the 
clamped braces and samples into the porous substrate. Press them straight· down 
to avoid smearing and mixing the two different glues. Use a very slight side to side 
motion to seat the samples/braces firmly against the porous substrate. You will 
know they are seated well when it becomes very difficult to slide the samples along 
the substrate surface and you can feel the abrasiveness of the substrate. Orient the 
samples on the jig fuount as shown in Fig. 78. This will allow the braces to optimally 
protect the GaN facets by being the first to contact each diamond particle as the 
jig spins on the polishing plate. The porous substrate should be mounted towards 
the outer edg~ of the jig mount to allow for the most distance traveled per rotation 
of the jig on the polishing plate. The gluing procedure must be completed quickly 
because the Duca© cement dries in a few minutes. If the cement sets up before you 
complete the procedure, you can dissolve it in acetone and start over. After gluing 
the samples, let the glues harden up overnight. The amount and degree of success 
experienced during the polishing procedure depends directly on how well the samples 
· are glued and protected by the braces, so attention to· details must be paid in the 
preceding steps. A properly glued and braced sample is shown in Fig. 79 under 600X 
magnification of an optical microscope. The picture was taken near the completion 
of the polishing procedure. Note that the brace is seated closely to the GaN layer 
surface (within a µm). 
Polishing 
With the samples glued correctly, the polishing procedure itself can begin. It 
will start with rough g~iriding to remove excess thickness and to level the samples 
with the braces. It is composed of two steps. Polishing will then start. It is composed 
of three steps of varying length. 
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Rough Grinding 
70 µm diamond on steel. Begin by grinding with the 70 µm diamond imbed-
ded steel disk. Grind at 120 revolutions per minute (rpm) and a pressure of 
300 g/cm2 • Keep the polishing wheel wet with water to provide the best cutting 
action and to remove the ground off material from the disk. The depth gauge can 
be used as an indicator of material removal during this stage. Grind until the braces 
are flush with the sample surfaces and the large chips induced by the cutting and 
sectioning procedure are removed. This usually takes less than 20 minutes to com-
plete, but it may take considerably less or more time, depending on the substrate 
and brace material. Be careful not to grind the samples away completely. Clean the 
jig, mount, and samples thoroughly before proceeding to the next step. 
30 µm diamond on steel. Next, grind with th~ 30 µm diamond imbedded steel 
disk using water to lubricate and remove waste. Remove .at least 50 µm to erase 
the damage produced by the previous step. Again, use 300 g/cm2 pressure and a 
polishing plate speed of 120 rpm. This step wiU typically take about a half hour. 
The amount of material removed can again be measured t: :: oughly) using the stock 
removal indicator on the polishing jig. Clean the jig, mount, and samples thoroughly 
before proceeding to the next step. 
Polishing 
8.5 µm diamond on copper. Next, polish on a copper disk at 120 rpm and 
300 g/cm2 using a suspension of 8.5. µm diamond particles in OptiClear© solvent. 
Use the concentration given previously (1 g of paste in 500 ml of solvent). Be sure 
' . . . 
to use the copper disk designated for this step to· avoid ·cross-contamination. Use 
a squirt bottle to dispense the polishing solution on the copper plate, making sure 
to keep the plate wet with solution at all times or the samples will be damaged. 
Remove at least 30 µm to erase the damage produced by the previous step. Material 
should be removed at about 10 µm per minute during this step, so this is a good time 
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to achieve the desired sample thickness. At this point, the stock removal indicator 
accuracy starts to deteriorate, so don't rely on it completely for sample thickness and 
do not polish for more than 2 hours without checking the sample thickness under 
a microscope. Typical surface quality after this step is illustrated in Fig. 80(b) 
and Fig. 82(b) for GaN grown on SiC and sapphire substrates, respectively. The 
GaN layer; substrate, and brace areas are indicated in Figs. 80(a) and 82(a) for the 
respective samples. Clean the jig, mount, and samples thoroughly before proceeding 
to the next step. 
3.2 µm diamond on copper. This step is the same as the previous step, except 
using 3.2 µm diamond in OptiClear© solvent. Use the copper disk designated for 
3.2 µm diamond particles. Remove at least 10 µm to remove damage produced by 
the previous step. This step typically removes about 0.5 µm per minute. Since this 
step can take a relatively long time, use the automatic drip setup with the magnetic 
stirrer. Adjust the drip rate to about 6 to 8 drops per minute. Note that the drip 
rate can change over time as diamond particles and paste clog up the drip tube, so 
don't leave the polishing setup unattended for extended periods of time. Typical 
surface quality after this step is illustrated in Fig. 81(a) and Fig. 83(a) for a GaN 
layer grown on SiC and sapphire, respectively. Clean the jig, mount, and samples 
thoroughly before proceeding to the next step. 
MasterPolish2© on tin. This. step is the .same as the previous step, except 
using MasterPolish2© on the designated tin disk. MasterPolish2© from Buehler 
is 0.06 µm Fe20 3 and Si02 particles in .water at a pH of 10. The particles would 
normally be too soft to polish the hard crystals we are polishing here, but, with 
pH 10, very effective mechanochemical polishing is achieved. Use the designa,ted 
automatic drip setup to dispense the solution at a rate of 6 to 8 drops per minute 
(or a squeeze bottle can be used). Use the magnetic stirrer to keep the particles 
suspended well. Do not let the drops of MasterPolish2© fall near the polishing jig 
becausethe solution will accumulate on the drive/conditioning ring and can lead to 
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vibrations and skipping as the accumulated solution dries and flakes off. Do this 
step in no longer than 15 minute intervals, since the solution will build up on the 
polishing jig. Wash the samples, jig, and tin polishing plate between intervals and 
check the surface quality and thickness of the samples under a microscope. This 
step will typically remove 0.3-1 µm per minute, and four 15 minute intervals or less 
will typically result in the desired cavity facet quality. Typical surface quality after 
this final step is illustrated in Fig. 81(b) and Fig. 83(b) for a GaN layer grown on 
SiC and sapphire, respectively. Clean thejig, mount, and samples thoroughly before 
proceeding to the next step. 
Polishing the Second Cavity Facet 
Remove the porous substrate from the jig mount by carefully melting the hot 
wax using a hot plate. Do not heat the jig mount more than necessary, as excess heat 
can destroy the integrity of the glues used to mount the samples and braces to the 
porous substrate. After the porous substrate has been removed from the jig mount, 
clean the sample and brace surface using methanol and lens paper. Be careful not 
to drag particles from the outer edges to the sample surface. Work from the inside 
(sample area) outward. Next, mount a new piece of porous substrate to the jig mount 
and grind it fl.at, as was done previously. Clean it with water and dry thoroughly 
with compressed air when completed. Next, glue the polished sample/brace assembly 
(polished face to the newly ground porous substrate) to the new porous substrate 
as was done before polishing the first side. Be sure to use Duca© cement in the 
sample region and 2-Ton epoxy in the brace and outer region, as was done before 
( see Fig. 77 (b)). Be sure the polished faces seat fl.at against the new porous substrate 
to ensure the two polished facets will be parallel to each other. Allow the glues to dry 
overnight ( at least 12 hours). Repeat the grinding and polishing steps performed on 
the first side ( the original porous substrate will grind away quickly using the 70 µm 
diamond in steel disk, so be sure to monitor the progress carefully). 
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Dismounting and Cleaning Polished Samples 
Remove the porous substrate from the jig mount using a hot plate to soften the 
hot wax. Do not use excessive heat to melt the wax, as excess heat can destroy the 
integrity of the glues used to mount the samples and braces to the porous substrate, 
making it difficult (or impossible) to remove completely from the sample surface. 
Wrap the porous substrate ( with the samples arid braces still glued to it) in lens paper 
and soak in acetone for several hours to soften the Duco© cement. After soaking, 
carefully pry. away the braces (they will still be attached by the 2-Ton epoxy to the 
porous substrate) from the samples.· The Duco© cement should have dissolved by 
this point and the samples (bars) should dislodg_e easily from the braces and porous 
substrate. Individually wrap the samples in lens paper and soak in acetone for a 
few hours to thoroughly remove the Duco© cement. Handle the polished samples 
only by the unp~lished edges. Any contact with tweezers (especially metal tweezers) 
will chip the polished facets, so keep the damage to a minimum on the edges. of the 
. polished bars. After soaking a second time, ultrasonically clean the samples using 
acetone, trichloroethylene, and·methanol, in that order. 
Typical facet quality achieved using the preceding polishing procedure is illus-
trated in Fig. 84 for a GaN layer grown on. sapphire. 
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Figure 76. Schematic of the Logitech PP5D precision polishing jig. 
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Figure 77. Glue-up schematic of GaN thin films prior to mechanical polishing. (a) Di-
. agram of sample placement and orientation prior to clamping between 
support braces. (b) Sample orientation and glue location immediately 
prior to gluing entire assembly to the porous substrate. 
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SIDE VIEW 
TOP VIEW 
Figure 78. Side and top view of polishing jig mount for Logitech PP5D precision 
polishing jig and proper sample orientation on the jig mount. 
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Figure 79. Optical microscope photo showing proper sample bracing. The GaN layer 
thickness is approximately 4 µm. The sapphire brace is seen to be in 
close contact with the GaN surface, providing maximum protection 
during polishing. Magnification = 600X. 
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(a) 
Sapphire brace 
I GaN layer (-4 µm) 
SiC substrate 
(b) 
Figure 80. (a) Schematic of GaN/SiC sample showing location of sapphire brace, 
GaN layer, and SiC substrate. (b) Optical microscope photo show-
ing GaN /SiC surface quality after completion of 8.5 µm diamond on 
copper polishing step. Magnification = 400X. 
Figure 81. 
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(a) 
(b) 
Optical microscope photos showing GaN/SiC surface quality after (a) 
3.2 µm diamond on copper, and (b) MasterPolish2© on tin polishing 
steps. Magnification = 400X. 
(a) 
Sapphire substrate 
(b) 
GaN layer 
(- 7 µm) 
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Figure 82. (a) Schematic of GaN/sapphire sample showing location of sapphire brace, 
GaN layer, and sapphire substrate. (b) Optical microscope photo 
showing GaN/sapphire surface quality after completion of 8.5 µm di-
amond on copper polishing step. Magnification = 600X. 
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(a) 
(b) 
Figure 83. Optical microscope photos showing GaN/sapphire surface quality after (a) 
3.2 µm diamond on copper, and (b) MasterPolish2© on tin polishing 
steps. Magnification = 600X. 
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GaN 
Figure 84. SEM image of GaN / sapphire laser facet after mechanical polishing. The 
GaN layer shown is~ 4.2 µmin thickness. Magnification= 15300X. 
APPENDIX B 
REFRACTIVE INDEX OF WURTZITE GaN 
In general, the index of refraction, n, depends directly on the absorption co-
efficient, a, through the Kramers:..Kronig relation [134]. Due to the present quality 
of state-of-the-art GaN thin films, there cart be a great deal of variance in the band 
edge properties of GaN thin films when comparing films grown in different reactors 
and even between samples grown in the same reactor. The presence of impurities and 
defects can lead to band tailing and a significant increase in below-gap absorption. 
This in turn leads to variance in the index of refraction in the band edge region from 
sample to sample. It has been observed by the authors that index of refraction values 
reported in the literature vary by several percentage points in the long wavelength 
region ( > 600 nm). This discrepancy was larger than 5 % in the band edge region 
[135], [136], [137]. Of significant importance to the contents of this monograph, the 
rate of increase of the index as we approach the band edge can vary significantly from 
sample to sample. This can significantly affect calculations relying on the index of 
refraction dispersion curve values, where a 5 % difference quickly becomes a 10 % 
error ·in, for example, a calculation of the reflection coefficient. For this reason, the 
index of refraction dispersion curve has been measured for a variety of GaN layers 
whose optical properties are a good percentage of this text. This allows us to confi-
dently calculate reflection coefficients, Fabry-Perot fringe spacings, etc., that rely on 
the index of refraction near the GaN band edge. 
The modulation of the reflectivity and transmission spectra due to thin film in-
terference was used to determine the refractive index of GaN films. In the reflectance 
experiments, the quasi-monochromatic light of a tungsten halogen lamp dispersed 
by a 1/2 meter monochromator was reflected off of the GaN surface at an angle if 
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incidence close to 90°. The reflected beam was collected and its intensity was mon-
itored using a photomultiplier tube (PMT). In the transmission measurements, the 
transmitted signal was instead collected. The measurements were performed over 
the wavelength range of 300 to 3000 nm. The amplitude of the reflected/transmitted 
signal was wavelength modulated due to the interference of the beams reflected from 
the air/ GaN interface and the GaN / sapphire interface. The refractive index was 
then calculated from the relation [138]: 
2nd= NA 
which holds for the reflectivity minima and transmittivity maxima, where n is the 
refractive index, d is the sample thickness, and N is the interference order. The 
reflection and transmission signals for the 4.2 µm GaN layer are shown in Fig. 85 
for reference. The interference order was determined graphically using the region 
where the refractive index is weakly dependent on A (A > 600 nm). In this region, 
the dependence of N on 1 / A is near linear and N could be determined precisely from 
the intersection of this line with the y-axis. The plot of the refractive index for three 
GaN layers grown by MOCVD on (0001) oriented sapphire using the above equation 
are given in Fig. 86, where the inset shows the index of refraction dispersion curve 
for the spectral region of interest to this monograph.. Good agreement between the 
values obtained for the different GaN layers is clearly seen. All experiments were 
carried out with the electric field perpendicular to the GaN c-axis (E ..L c), which is 
the same condition for which the TE polarized SE/lasing is incident on the GaN/air 
interface of the laser cavity facets. 
It is well known that the accuracy of the above method for determining the 
index of refraction dispersion curve is principally determined by the accuracy of the 
film thickness measurement. To measure the GaN film thickness, we fine polish~d 
the sample edges and measured their thickness using a SEM and a 0.5 µm calibration 
grid. The consistency between calculated index of refraction for the various samples 
(ranging in thickness from 2.5 to 7.2 µm) is evidence of the validity of our technique. 
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The slight deviation of the index for the 7.2 µm layer with respect to the other two 
is most likely a result of layer thickness fluctuations present in the thicker sample. 
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Figure 85. RT reflection and transmission spectra for a 4.2 µm MOCVD:-grown GaN 
layer on (0001) oriented sapphire. 
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Figure 86. RT index of refraction dispersion curves for MOCVD-grown.·GaN thin 
films··of various thicknesses ·on (0001) oi;iented sapphire. The inset 
shows the· sanie for ·a narrower spectral region near the GaN band 
edge. 
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